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ABSTRACT 
Modeling of the Response of a Seated Passenger  
to Vibrations and Impulsive Forces 
Riccardo Conti 
Dr. Rahamim Seliktar, Supervising Professor 
 
 
 
Lower back disorders are the main chronic condition experienced by 
professional vehicle operators and occupants. The current international 
standard for the evaluation of human exposure to mechanical vibrations 
underestimates high accelerations typically experienced in off-road vehicle 
rides. Although the existing epidemiological data lack evidence of morbidity 
patterns, there is strong evidence that impulsive forces increase the risk of 
back problem and that the approach suggested by the current standard does 
not adequately accounts for high acceleration events. Considering the ethical 
concerns associated with in-vivo experimentation and the complex logistics of 
long-term epidemiological investigations, modeling remains a primary option.  
A biodynamic model of a seated passenger was built and simulated with 
the aid of ADAMS computer code. Its purpose is to explain the mechanism of 
maintenance of stable trunk posture during rides over rough terrain and to 
estimate the loading on the lumbar spine due to the mechanical shocks 
transmitted through the vehicle seat. The model is anatomically realistic and 
includes the inertial properties of the upper torso, the compliance of the lumbar 
spine and can accept linear and rotational acceleration inputs. The muscular 
response mimics an alert passenger contracting the spinal musculature to 
avoid collision with adjacent objects and maintain a stable posture. Kinematic 
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profiles from vehicle rides on rough terrain are used to subject the model to 
realistic conditions. Electromyographic data from such rides serve to validate 
certain features of the model.  
A stable posture can be achieved with a minimum amount of muscular 
activity. High impulsive rides require a higher level of muscle intervention to 
counteract the upper-body' sway. The more elevated muscular activity 
increases the compressive load on the lumbar spine. Although it does not 
reach its mean compressive strength, we are well within the range of material 
fatigue. Lateral acceleration demands a substantially higher level of co-
contraction of antagonist muscles than vertical acceleration. The upper-body 
appears to be more stable in the transversal than in the longitudinal plane. 
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CHAPTER I 
 
 
BACKGROUND, SIGNIFICANCE AND SPECIFIC AIMS 
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INTRODUCTION 
 
Disorders of the lower back are the main chronic condition experienced 
by professional vehicle operators and occupants. Sitting position exacerbates 
the problem compared to standing posture because of the lack of damping 
provided by the lower limbs. A large body of epidemiological studies confirms 
that high level of jolts and shocks, as typically seen in off-road vehicle rides, 
increases the risk of back problems. The root-mean-square (RMS) approach 
continues to be the basis for evaluation used by the current international 
standard ISO 2631:1997 “Mechanical vibration and shock – Evaluation of 
human exposure to whole-body vibration”, although it does not adequately 
accounts for short duration, high acceleration events. The latest revision of ISO 
2631 released in 1997 extends the use of the RMS method to crest factors 
(ratio of maximum vibration peak value to RMS vibration value) up to 9 from a 
maximum of 6 of the 1985 release, but it recognizes the importance of high 
peak values of acceleration with regard to health effects and suggests using 
additional or alternative evaluation tools even for crest factor below 9. 
Furthermore, most of the data, upon which the ISO standard is based, come 
from human response to sinusoidal vibrations in the vertical axis. Since little 
information is available on the effects of angular acceleration, like the rolling 
and pitching motion experienced by vehicles on rough terrain, the standard 
assumes that the rotational vibration can be represented by its translational 
component.  
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On the other hand epidemiological investigations have failed to provide 
a clear relationship between morbidity pattern and vibration exposure. If we 
add the intrinsic difficulties associated with epidemiological studies, such as the 
presence of confounding factors (e.g.: low-back problem are also present in 
non-exposed groups), the need to span these studies over several years to 
assess long-term effects and the risk of injury and ethical concerns present 
with in-vivo experimentation, it appears evident that a better understanding of 
the response of the lower spine to shock and vibration is needed before further 
epidemiological research.   
Biodynamic modeling of human response to impulsive forces has a lot of 
potential at the current state of knowledge. It could help predict internal loads 
and stresses from field measurements taken on the vehicle, explain damage 
mechanisms of living tissues, quantify the muscular response to kinematic 
perturbations. An improved understanding of the human response to jolts and 
shocks has also the potential to direct the design of better attenuation systems, 
such as antivibration seats and cabs.  
To be able to fulfill these expectations, the spinal model must go beyond 
the simplicity of the uniaxial lumped parameter models typically used during the 
past 40 years or be confined to one or two vertebral spinal units like most of 
the triaxial finite-element models. It should also be physiological rather than 
mathematical in nature and take into consideration the muscular activity even 
for shocks of short duration. To represent the human response to whole-body 
vibration, the model must be able to handle the complex multiaxial nature of 
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motion experienced by all-terrain vehicle occupants. 
 
OBJECTIVES 
 
The objective of this research was to develop a biodynamic model of a 
seated passenger in an all-terrain vehicle. The purpose of this modeling effort 
was twofold: to provide insight into the mechanism of maintenance of stable 
trunk posture during rides over rough terrain; to estimate the loading on the 
lumbar spine due to the high mechanical shocks transmitted through the 
vehicle seating system. The determination of the forces associated with the 
stabilizing muscular activity could explain the pathophysiological processes 
leading to the damage of the intervertebral joints and yield new information on 
rider susceptibility to Cumulative Trauma Disorder. This modeling investigation 
could also help generate a cause-effect relationship, which would predict the 
risk of injury from repeated impacts, and extend information from lower to 
higher level of shock exposure where experimental data are not available. 
The model contains anatomical features of the upper body and its 
appendages and it includes active muscular components. It is also built with 
the capability to accept linear and rotational excitations. The concomitant 
presence of inertial properties, muscular activity and multiaxial excitational 
input constitute substantial improvements over the uniaxial lumped-parameter 
models with passive components, such as masses, springs and dashpots, and 
harmonic unidirectional excitation typically employed for dynamic simulation.  
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The modeling development progressed in stages, beginning with a two-
dimensional inverted pendulum with a single concentrated mass for the upper 
torso-head, springs to mimic the muscular response, a hinge at the vertebral 
joint L5-S1 and uniaxial harmonic inputs.  Modifications were incorporated to 
reflect the inertial properties of the upper body, the compliance and damping of 
the spinal column and the active presence of different groups of muscles of the 
lower trunk region. Various hypothetical mechanisms of muscle response were 
tested. Each modeling stage was evaluated by its ability to maintain a stable 
trunk posture under a variety of kinematic perturbations.  Sensitivity analysis 
was performed to assess the influence of the assumptions made on the model 
response, optimize its composition and eliminate redundancies. Although the 
redundancy of the musculoskeletal system makes the co-contraction of 
antagonist muscles mechanically indeterminate, the model determined the 
minimum amount of muscular activity needed to maintain postural stability. 
Kinematic profiles collected from specific military vehicles riding over 
rough terrain were used to test the model under realistic conditions. 
Electromyographic experimental data associated with such rides 
provided information to validate certain characteristics of the model.   
 
HYPOTHESES 
 
Very little experimental and theoretical knowledge is available about the 
dynamic response of the spinal musculature to jerky motion. As a result the 
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physiological mechanisms of muscle response to kinematic perturbations 
typical of vehicle rides are not clearly understood. Although a few experimental 
studies79, 84 show that the muscle response is synchronous with sinusoidal  
kinematic excitation of low frequency (up to 12 Hz), the muscular reaction is 
not fast enough to respond to sudden events with frequencies exceeding 2 Hz. 
Typical turn-on time of muscle response is 200 milliseconds and turn-off time 
300 milliseconds94; such a slow reaction time is inadequate to facilitate a stable 
response to impulsive motion, particularly if the passenger is completely 
unprepared. While the synchronous response to a periodic perturbation can be 
explained by a behavior pattern generated by a predictable motion, as in 
horseback riding, we believe that the musculoskeletal system cannot be 
modeled as a closed-loop control system with associated feedback control 
action for frequencies in excess of 2 Hz. Such a system is not able to explain 
the maintenance of postural stability under irregular oscillation and impulsive 
motion typical of vehicles negotiating rough terrain. An alert passenger, aware 
of the forthcoming kinematic perturbation, activates a defensive muscular 
action by contracting the spinal musculature, with the intent to avoid collision 
with adjacent objects and maintain a stable posture. This constant preparatory 
bias in the antagonist trunk muscles is a result of the sense of anticipation 
developed by the individual. Our model simulates this open-loop response to 
unpredictable random motion. A similar increase in muscle activity before 
unexpected loads has been observed in patients with chronic low back pain60. 
The increased continuos tension of their muscle makes these patients stiffer, 
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more resistant to motion; this over-compensation may be explained by the 
desire to minimize motion in the painful region.  
Given the mechanical redundancy associated with the co-contraction of 
antagonist muscles, muscular activity remains a function of personal skills and 
habits, but we believe that it can be optimized with training and experience. 
This in turn would minimize the transmission of large forces in the low back 
structures and hence reduce the risk of spinal injury.   
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CHAPTER II 
 
 
ANATOMY OF HUMAN SPINE 
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INTRODUCTION 
 
The description of the human lumbar spine that follows is extensively 
based on the work of Goel and Weinstein34, Pope et al.74, De Coursey21 and 
Jenkins48. 
 
SPINE ANATOMY AND FUNCTION 
 
The human spine is a flexible multicurved columnar structure, which 
exhibits four separate curves in the sagittal plane (Figure 1): the cervical curve 
(convex forward), the thoracic curve (convex backward), the lumbar curve 
(convex forward) and the curvature of the sacrum and coccyx (convex 
backward). The cervical and lumbar regions are also said to be in lordosis, 
while the thoracic, sacral and coccygeal are in kyphosis. Hirsch and 
Nachemson42 have suggested that this shape is important in absorbing energy 
and protecting the structure against impact. 
The basic structure of the spine is similar in all of its subdivisions. It 
consists of vertebrae, discs and ligaments, whose interaction with muscles 
provides load bearing capabilities, flexibility of motion and spinal cord 
protection. Individual structures are more or less developed depending on the 
functional needs of that particular region.  
The spine has three major interrelated functions: support and load 
bearing, mobility and protection. As a support, the spine provides a frame for 
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the attachment of internal organs along with the rib cage. It also supports the 
upper and lower limbs, the external load moments, and transfers the entire  
 
Figure 1     Human spine in mid-sagittal plane (from Goel and Weinstein, 1991). 
 
trunk weight to the hip bones via the sacrum and the associates joints and 
ligaments. If the function were limited to support, the spine could be a simple 
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vertical rigid column, therefore greatly simplifying its structure. The need for 
mobility, required by the many physical tasks of daily living, justifies the 
complexity of the spinal structure. Instead of a single rigid column, the spine is 
a flexible stack of rigid blocks (vertebral bodies) with flexible soft tissues 
(intervertebral discs) in between. The spinal canal protects the spinal cord and 
nerves as they pass from the head to their point of departure to the upper and 
lower extremities. The spinal canal is formed by the posterior part of the 
vertebral bodies, pedicles and laminae. 
 
MOTION SEGMENT JOINT 
 
The basic functional element of the spine is called motion segment 
(Figure 2). It is composed of two vertebrae and the tissues that connect them. 
The joints that govern the motion pattern between the two vertebrae belong to 
two types of joints: synovial and cartilaginous. 
 
ARTICULAR FACET JOINTS 
The facet joints are the right and left articulations of the superior and 
inferior articular processes (Figure 3). They contain a true synovial lining, are 
freely movable and have a joint capsule. The superior facet is slightly concave 
and the inferior slightly convex. This configuration allows flexion-extension, 
lateral bending and axial rotation.  
The average range of motion in flexion-extension and axial rotation 
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across a motion segment are 15° and 2.5°, respectively. The average range of 
motion in lateral bending is 10° across the L1-L2, L2-L3 or L3-L4 motion 
segment, 6° for the L4-L5 and 3° for the L5-S1 segments.71 By combining the 
motion of all of the motion segment joints, the total range of motion of the spine 
can reach 250° in flexion-extension, 150° in lateral bend and 180° in axial 
rotation.   
 
Figure 2     A typical motion segment (from Goel and Weinstein, 1991). 
 
Although the facet joints are essential to normal motion, they also serve 
as kinematic constraints to the movement of the motion segment. The facet 
joints of two adjacent vertebrae have different geometrical orientations at 
different spinal levels, which influence the kinematic behavior of the spine. At 
the thoracic level, the facets have a circumferential orientation and give no 
rotational restriction on the relative motion of two adjacent vertebrae. At the 
T12-L1 level the orientation of the facets changes drastically to a radial 
direction, which does not allow axial rotation. The T12-L1 segment has the  
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Figure 3     Details of a typical motion segment. SF: superior facet; IF: inferior facet; SC: spinal 
canal; VB: vertebral body; D: intervertebral disc; SJC: synovial joint capsule (from Goel and 
Weinstein, 1991). 
 
highest rotational stiffness of any motion segment. In the lumbar region, the 
facet joints are slightly turned into the frontal plane such that more axial 
rotation is allowed and the facet joints can better withstand the shear forces 
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induced, thanks to the forward slanting orientation of the intervertebral discs at 
the L4-L5 and L5-S1 levels. 
The orientation of the articular facets is such that a force acting in a 
posterior direction on the upper vertebra is counteracted by passive stretching 
of the interspinous ligament, while a force in an anterior direction is 
counteracted by contact forces on the facet joint surfaces.  
 
INTERVERTEBRAL DISC JOINTS 
In the intervertebral disc joint the two vertebral bodies are joined through 
a fibrocartilaginous connective tissue. The intervertebral disc connects the end-
plates of the two vertebral bodies and its shape corresponds to that of the 
vertebral bodies (Figure 3). The disc forms the primary articulation between 
two adjacent vertebrae. Its major role in weight bearing is shown by the 
increase in area as a direct function of body mass in all mammals. The function 
of load bearing in shear, compression and torsion is shared among the discs 
and the facet joints that collectively form a three-joint complex. 
The intervertebral disc is composed of the annulus fibrosis and the 
nucleus pulposus (Figure 4). The outer annulus is composed of concentric 
layers of collagen fibers that are oriented vertically at the peripheral layer, but 
become progressively more oblique with each underlying layer. The central 
part of the disc (nucleus pulposus) is nearly 90% water, with the rest being 
materials that bind water. This gives the central portion a gel-like appearance 
with more shock-absorbing properties and the peripheral more tensile 
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properties.  
The intervertebral disc joint allows limited motion and is relatively stiff, 
but a combination of such joints, as in the spine, permits a very large range of 
motion. This joint is designed to transfer forces and provide shock absorption, 
especially with dynamic loads (e.g.: walking, jumping). 
 
Figure 4     The intervertebral disc (from Pope et al. 1994). 
 
 
LIGAMENTS 
Ligaments provide structural stability to the spinal system. They are also 
the primary tensile load-bearing elements. Ligaments behave as passive 
tension members in resisting a force, while muscles achieve the same function 
by contraction. The ligaments across the sacrum, coccyx, lumbar vertebrae 
and hip bone are the strongest ligaments in the body and play a major role in 
the transmission of forces and prevention of excessive joint motion. Because 
ligaments are passive elements, their tension depends on their length; they 
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also present viscoelastic behavior, in other words their deformation depends 
upon the rate at which the load is applied.  
There are several ligaments spanning across a motion segment, each 
one with different and interlinked functions (Figure 5). The anterior and 
posterior longitudinal ligaments run the entire length of the vertebral column, 
adding to the support of the vertebral body and disc. They are firmly fixed to 
the annulus and loosely attached to the vertebral bodies. The remaining 
ligaments support and link the posterior elements.  
 
Figure 5     Main ligaments of the vertebral column (from Jenkins, 1998). 
 
Of great functional importance is the ligamentum flavum, which joins the 
lamina of adjacent vertebrae. The ligamentum flavum is highly elastic and 
strong compared to other ligaments and its high content of elastic fibers gives it 
a yellow color. Its elastic properties allow it to lengthen with spine flexion and 
shorten with extension.  
The interspinous and supraspinous ligaments join the tip and edges of 
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the spinous process. Since they are far from the disc, and therefore act on long 
moment arms, these ligaments have an important role in resisting spine flexion. 
Similarly, intertransverse ligaments join the transverse processes of the 
vertebra. The capsular ligament structure around the facet joint limits the 
excursion of the facet joint itself, although its stabilizing function has not yet 
been validated.   
 
MOTION SEGMENT LOADING 
 
Each spinal motion segment is normally subjected to a variety of loads 
as a result of the application of an external load. For example during the course 
of moving an object, the spine may be subjected to compressive load, lateral 
bending forces, torsional loads and shear. 
 
TENSION-COMPRESSION 
The vertebral bodies are the key elements of the load-bearing system of 
the spine. Their core is made primarily of cancellous bone and the directions of 
trabeculae reveal the normal forces acting on the vertebra. The vertically 
directed trabeculae support the compressive loads in the main vertebral body. 
At the upper and lower surfaces of the body, oblique trabeculae sweep up or 
down to aid in this compressive load-bearing function. These trabeculae come 
together at the pedicles to resist the tensile forces there. The trabeculae sweep 
up and down to the superior and inferior facets to support the compressive and 
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shear forces in the facets, and outward to the spinous process to withstand the 
tensile and bending forces applied to the spinous process. The facets play also 
a role in compression, in addition to their role in resisting torsion and shear. It is 
estimated that approximately 25% of the axial compressive load is transmitted 
through the facets.56  
Tension tends to pull apart the structure being loaded; in the spine, the 
ligaments are loaded in tension. In spinal extension the anterior ligaments are 
stretched, while in flexion the posterior ligaments are stretched.  
 
SHEAR 
Shear loading is produced by attempted relative translation of 
structures. As the spine flexes there is a tendency for a vertebra to slide 
forward relative to its next lowest one. Normally the facets and discs together 
contribute about 80% of the torsional load resistance, with the facets 
contributing one half of that amount.44 The surrounding ligaments carry the 
remaining 20%. Shear stresses occur in the lumbar spine because of the 
lordotic curvature and are believed to be an important mechanism for lumbar 
spine herniation. 
 
TORSION 
Twisting motion of the spine produces torsional stresses in the tissues. 
The facets tend to restrict torsion and together with the disc provide about 80% 
of the torsional load resistance, with a load distribution similar to that seen with 
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shear forces.30 Twisting leads to large disc loads and it seems to be one of the 
earliest causes of acute low-back pain.  
In axial rotation the annular fibers of the disc are stretched in one 
direction, whereas those on the opposite side are crimped. 
 
INTRADISCAL PRESSURE 
In axial compression annular fiber tension and disc bulge counteract the 
increased intradiscal pressure (Figure 6). Some disc space narrowing also 
occurs. Intradiscal pressure is affected by whether the motion segment is 
loaded in flexion or extension: in flexion the intradiscal pressure is higher 
because the compressive load is mainly taken by the disc, while the tensile 
load by the posterior ligaments; in extension the compressive load is taken by 
the facets and the tensile load by the anterior ligaments. 
 
Figure 6     Effect of axial compression on intervertebral disc (from Pope et al., 1994). 
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ROLE OF MUSCULATURE 
 
The ligamentous spine is inherently unstable: it can withstand at the 
most 90 N of axial compression before buckling. On the other hand, in-vivo, the 
spine can sustain up to 14 kN of axial load in elite athletes. The muscles 
surrounding the spine stabilize the spine.  
The muscles also produce the forces necessary to perform daily tasks, 
like lifting and carrying. If, for any reason, the forces provided by the muscles 
reach their limits, then ligaments and discs may carry excessive load, 
especially if the spine is at the end of its range of motion.  
The motion of each motion segment is controlled actively by the 
muscles and passively by the ligaments. Therefore muscles are responsible for 
movement control. 
Muscles of the human spine can be broadly classified into global and 
local muscles. Global muscles are those spanning from the pelvis to the 
thoracic cage; local muscles have origin and insertion at the vertebrae. The 
main role of the global system appears to be to respond to changes of the line 
of action of the outer load, whereas the local system controls the curvature and 
gives sagittal and lateral stiffness to maintain stability of the spine. 6 
 
GLOBAL MUSCLES 
Global muscles can be divided in flexors and extensors.  
The antero-lateral abdominal muscles, which attach to the rib cage and 
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pelvis, are the chief flexors of the trunk in the sagittal and lateral plane (Figure 
7). The abdominal muscles are made up of the anterior rectus abdominis 
muscles and the anterior and laterally placed layers of the internal and external 
oblique and transversus abdominis muscles. The latissimus dorsi, which span 
from the lower thoracic vertebrae to the posterior part of the iliac crest, control 
the extension, adduction and medial rotation of the arm. The main role of the 
psoas, which attaches to the vertebral bodies anterolaterally, is to induce 
flexion of the thigh.  
 
 
Figure 7     Antero-lateral abdominal muscles (from Jenkins, 1998). 
 
The extensor muscles attach to the spinous and transverse processes 
and are made up of erector spinae and multifidi (Figure 8). When both sides of 
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erector spinae contract symmetrically, they produce extension of the spine; 
when right and left sides contract and relax asymmetrically, lateral bending is 
produced.  
 
 
Figure 8     Musculature of the back (from Jenkins, 1998). 
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The quadratus lumborum muscles originate from the crest of the ilium 
and insert at the transverse processes of the upper two lumbar vertebrae and 
the lower border of the last rib. They act as a pure lateral flexor for the lumbar 
spine. 
 
LOCAL MUSCLES 
Local muscles are also called short muscles because of their short 
length, or segmental because they begin from one vertebra and insert on the 
next vertebra (Figure 9).  
Figure 9     Short muscles of the lumbar spine (from Goel and Weinstein, 1991). 
 
 
They are made up of: interspinalis muscles, which originate from the spinous 
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process below and insert on the next spinous process above, one on either 
side of the interspinous ligament; ). intertransversalis, which originate on the 
mammillary process and insert on the next cephalad mammillary process; 
rotatores, which have similar origins and insertion as the multifidi, but only span 
one to two levels. The interspinalis muscles extend the spine, while the 
intertransverse group and rotatores mostly control posture. 
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INTRODUCTION 
 
Our exposure to mechanically induced vibration occurs under a wide  
variety of living and working conditions. In fact, since man’s first appearance on 
earth, the human body has been subjected to vibrations, including those that 
are self-generated such as the vibration caused by a person’s own heel striking 
the ground during walking or running. However with the advent of technology, 
modern man now interfaces far more often with rotating and oscillating 
machinery and moving vehicles. Mechanical vibrations which effect the human 
body in the workplace are caused by many different motorized hand tools, such 
as riveting hammers, grinders and chainsaws; by the operation of all kinds of 
motor vehicles, such as trucks, bulldozers and tractors; by operating on ships 
and using heavy manufacturing equipment.  
Vibrations that arouse human health concerns are classified into two 
main categories: (1) hand-arm vibrations and (2)  whole-body vibrations. Hand-
arm vibration (HAV) is transmitted through the hand-arm system from a power 
or impact hand tool and affects the upper extremities of the body. Whole-body 
vibration (WBV) affects the entire body and is transmitted from a vibrating seat, 
bed or floor to a person who is in a sitting, lying or standing position. 
A large number of epidemiological studies indicate an elevated risk of 
disorders of the lumbar spine and of the connecting nervous system due to 
long-term exposure to whole-body vibration. Although the possible 
mechanisms by which WBV may cause the degeneration of discs and 
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vertebrae is not well understood and the relationship between vibration 
exposure and health risk have not yet been quantified, an increased amount of 
back pain has been associated with higher WBV intensity and longer duration 
of exposure. 
 
EPIDEMIOLOGY 
 
The vast majority of the over 130 field studies35 conducted since 1950 
on the health effects of long-term exposure to WBV report low back pain, 
degeneration of segments of the lumbar spine and herniated discs as the most 
adverse effects. Results of epidemiological studies caused the German 
Federal Ministry of Labor to classify spinal disorders induced by vibration as 
occupational disease no. 2110.23 
Most field studies on long-term exposure to WBV and lumbar spine 
disorders center on the occupants of moving vehicles in three areas of 
occupational activity. The people who are affected are usually involved in: (1) 
transportation on land, water, and in the air (drivers of buses, trains, trucks and 
tracked armored vehicles, crews of high-speed ships, pilots of helicopter); (2) 
agriculture (drivers of tractors); or (3) construction (operators of earth-moving 
equipment and cranes). 
Kelsey and Hardy52 reported that professional driving of motor vehicles 
is associated with an increased risk of acute herniated lumbar disc. Persons 
who spend half, or more than half of their time on the job driving are about 
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three times as likely to develop this disease; for truck drivers the relative risk is 
almost five times. Despite some limitations of this study, such as a relatively 
small sample size and the absence of a control group from the general 
population, the authors could not correlate the lumbar disorders with any other 
variables measured in the study (frequency and amount of lifting, lack of 
physical activity, sedentary work). 
Beevis and Forshaw4 investigated several instances of lower back 
trauma in drivers of tracked armored-vehicles. There was a very high incidence 
of back pain experienced by people, who were required to drive armored 
personnel carriers for long hours. The investigators concluded that this was the 
result of poor posture which, in turn, was due to poor seat design and exposure 
to very intense levels of vibration and shock. Acceleration measurements taken 
at the driver’s seat in off-road conditions had crest factors (expressed as ratio 
of peak to root-mean-square value) as high as 13. It is generally recognized 
that the measurements taken according to the current international standard for 
WBV (ISO 2631-1:1997) 45 underestimate the effect of motion when the crest 
factor is greater than 9. 
Dupuis and Zerlett26 found that lumbar syndrome is the most frequent 
health impairment among operators of earth-moving machines. The diagnosis 
“lumbar syndrome” covers all of the symptoms that are associated with 
degeneration of the lumbar discs. In particular, this would include lesions, such 
as spondylosis, spondylarthrosis and spondylosteochondrosis, that led to 
radiologically demonstrable morphological changes and clinical symptoms 
   
  29   
such as sciatica and lumbago. Lumbar syndrome accounted for 81% of the 
spinal disorders among machine operators. On the other hand, this diagnosis 
was found in only 53% of the control workers not exposed to vibration. The 
authors concluded that the lumbar spine has a higher sensitivity to WBV than 
other segments of the spine in situations where the mechanical vibrations are 
transmitted to the upper body from the buttocks. 
Bongers and Boshuizen9 carried out cross-sectional studies in helicopter 
pilots (who were exposed to relatively low levels of WBV), tractor drivers 
(exposed to moderate levels of WBV), forklift and truck drivers (exposed to 
high levels of WBV) and wheel-loaders (exposed to very high levels of WBV). 
The prevalence of back disorder symptoms was compared between a group of 
workers exposed to WBV and a non-exposed control group. The results from 
these studies show that degenerative disorders of the spine are significantly 
more prevalent in professional drivers and helicopter pilots than in occupations 
without WBV exposure. Since all of the measurements were taken according to 
ISO 2631-1, the authors concluded that health effects due to occupational 
exposure occur even at exposure levels below those indicated to be critical 
according to the present standard. Even though an accurate duration of 
exposure was calculated for each helicopter pilot from his personal flight log, 
no exact correlation between back trouble and WBV exposure could be 
established.  
Magnusson et al. 57, 58 studied bus and truck drivers in two countries, 
Sweden and the USA, and compared them with sedentary workers used as a 
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control group. The American truck drivers had the highest incidence of low 
back pain (about 50%) and the highest vibration exposure. The large difference 
of vibration exposure levels between American and Swedish truck drivers 
resulted from differing road conditions in the two countries and from the 
Swedish trucks being more damped in the frequency range of 4-6 Hz. The 
resonant frequency of the spinal column appears to be in this range and thus 
the spinal column is more strongly affected by vibrations with a frequency in 
this range. Total long-term vibration exposure was found to be the strongest 
predictor of sick leave duration, followed by frequency of lifting. 
Despite the criticism that can be raised about the quality and quantity of 
the available exposure data in many of the epidemiological studies, an 
association between musculoskeletal problems in the low back and jobs 
involving long-term exposure to shock and vibration is a recurring outcome. 
The existing epidemiological data lack evidence of morbidity patterns and 
vibration exposure. What we need to know is: What kinds of spinal disorders 
are likely to occur? and, What shock/vibration levels and characteristics are 
likely to cause them?  
 
MECHANISMS OF INJURY 
 
Several hypotheses on degeneration of the lumbar spine due to 
exposure to WBV have been proposed in the scientific literature: 
 
   
  31   
STRUCTURAL DAMAGE TO END-PLATES AND LUMBAR VERTEBRAE 
Sandover81, 82 suggests that dynamic loading could lead to fatigue 
induced micro fractures at the end-plate. By using the fatigue behavior of 
inanimate materials as a model for human tissues, he anticipated that crack 
propagation at points of stress concentration would occur well before final 
failure and that under cyclic load there is probably a simple relationship 
between the applied stress and the number of cycles until failure. 
In-vitro investigations have established this relationship for bony 
materials: Hansson et al. 38 found that the number of cycles required for lumbar 
segments to fracture under axial compression is related to the relative stress 
raised to a power of approximately  –14. The experiments of Brinckmann et  
al. 10 with fresh specimens of human lumbar vertebrae subjected to pure axial 
loading clearly show that the probability of fatigue fracture increases with the 
number of load cycles for a given load range and it increases with the 
increasing magnitude of the cyclic load for a given number of cycles. 
Since in-vivo biological repair processes and rest pauses may affect the 
probability of fractures for a specific dynamic load and a particular number of 
cycles, extrapolation of in-vivo spine dynamic strength based on in-vitro 
experiments cannot be relied on with confidence. However the aforementioned 
studies indicate that the fractures observed in the end-plate could originate 
from long-term exposure to levels of shock and vibration encountered in some 
work environments. They also suggest that a small number of large magnitude 
stresses have a much more injurious effect than do a large number of smaller 
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stresses. 
 
STRUCTURAL DAMAGE TO ANNULUS FIBROSUS 
Sandover81 postulates that at the same time that dynamically 
compressive loading leads to fatigue-induced micro-fractures at the end-plate, 
dynamic shear and bending leads to fatigue induced breakdown of the annular 
lamellae. He suggests a two-stage process: end-plate failure leads to 
degeneration of the disc including the annular tissues and then shear, bending, 
or rotational forces lead to tears in a weakened annulus with subsequent 
nuclear prolapse. 
Several researchers support the view that pure dynamic compression 
damages the vertebral body rather than the disc. Hansson et al. 38 observed no 
lesions in the outer fiber of the annulus fibrosus of any of the cadaveric human 
lumbar segments cyclically loaded in-vitro under axial compression, although 
minor circumferential cracks in the central annulus of degenerated discs were 
noted when the discs were sectioned transversely after testing. 
Experiments by Adams and Hutton1 showed that a repetitive 
compressive load applied to discs wedged at a predetermined flexion angle 
causes a lesion different from that seen with static compressive loading. While 
static loading induces a sudden prolapse, repetitive compressive loading leads 
to gradual disc prolapse. The injury starts with the lamellae of the annulus 
being distorted to form radial fissures; then the nuclear pulp breaks through the 
distorted lamellae, is extruded from the disc, and leaks into the spinal canal. 
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The literature indicates that axial compression combined with flexion 
and rotation make the annulus more vulnerable. For example, tractor drivers 
and helicopter pilots are often forced to working in a flexed or twisted posture 
which, coupled with exposure to vibration, creates a particularly risky 
environment. 
 
REDUCED NUTRITION OF INTERVERTEBRAL DISC 
An occupational medicine specialist, Junghanns50, who studied the 
vertebral column extensively, found that vibration disturbs the diffusion of 
nutrients into the intervertebral disc. Repetitive compressive loading interferes 
with the pressure-dependent diffusion of liquids from neighboring tissues, 
therefore impairing the metabolism of the disc tissues. 
Sandover81 suggests that the callus formed during the healing process 
of microfractures at the end-plate could lead to a reduced area for nutrient 
diffusion. Acceleration of the normal degenerative processes in the nucleus 
and annular fibers would be the consequence. 
Holm and Nachemson43, who observed reduced nutrient supply in the 
spine of pigs exposed to vibration, concluded that both the chemical and the 
physical characteristics of the disc were altered and postulated that 
vasoconstriction of the microvascular system might occur with the result that 
the discal food supply is hampered. 
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FATIGUE AND DELAYED RESPONSE OF MUSCLES 
Exposure to vibration leads to fatigue of the abdominal and paraspinal 
muscles as shown by electromyography (EMG), thereby making the muscles 
less capable of bearing loads subsequent to vibration. 
Wilder et al.92 observed no change in myoelectric activity over a 30-
minute observation period with seated subjects who were not being vibrated. In 
contrast, subjects who were being vibrated over a 30-minute interval 
demonstrated a frequency shift of raw EMG signals from higher to lower, 
suggesting fatigue both of the erector spinae and of the oblique musculature in 
response to the vibratory input. 
Pope et al.72 attempted to duplicate the working environment of a 
military helicopter by recording the vibration signal and reproducing it on a 
servohydraulic vibration simulator. After exposing twenty subjects to a two-hour 
vibrating seat test, they found a significant decrease in the center frequency of 
the EMG signal when comparing the lumbar musculature’s pre-test activity with 
its post-test activity during a steady contraction effort. This experiment 
validates the change in muscle-firing frequency seen by many previous 
researchers before and after sustained exertion. 
Krogh-Lund and Voss55 have found similar results in industrial drivers of 
motor vehicles and in helicopter pilots. They observed very low muscular 
activity, but demonstrated signs of muscular fatigue after 3 hours of work in all 
of the exposed groups, with the exception of the drivers of large earthmoving 
machinery and stationary-engine construction machinery who had relatively 
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low exposure. The authors also observed a compression of the myoelectric 
signal towards lower frequencies after prolonged exposure to WBV in seated 
posture and interpreted it, as well, as an indication of localized muscular 
fatigue of the erector spinae muscles.  
Another indication of muscular fatigue due to WBV is the higher oxygen 
consumption observed in vibrated subjects. Magnusson et al. 59 reported an 
average of a 14.3% increase in oxygen uptake in seated volunteers when they 
were in both the twisted erect posture and erect posture and were subjected to 
sinusoidal vibration of 2 m/s2 RMS at the natural frequency of 5 Hz. When 
compared to a sitting relaxed posture, oxygen intake increased by an average 
32.1% for simultaneous exposure to both twisting posture and vibration. It is 
interesting to note that some occupations, such as farming, forklift driving and 
driving construction vehicles, expose workers to both vibration and twisting. 
Seidel et al. 86 monitored the time delay between muscle contraction and 
vibration stimulus and concluded that the back muscle activity induced by WBV 
cannot be regarded as an optimal protecting mechanism. 
Both Dupuis et al. 24 and Wilder et al. 93 measured the muscular reaction 
to shocks and unexpected sudden loads and confirm that humans don’t have 
an effective defense mechanism against the shock-load conditions typical of 
machine-related environments. They also concluded that, if suddenly applied 
loads are not actively dampened and absorbed by the back muscles, the 
passive components of the spine (vertebrae, discs, and ligaments) will 
experience a higher strain.  
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BIOMECHANICAL STUDIES 
 
SPINAL RESPONSE TO WHOLE-BODY VIBRATION 
It is extremely difficult to measure the actual force on the spine when 
subjected to vibrations and impacts. Intra-discal pressure measurements would 
be a good indicator of the spinal stresses, but this technique is invasive and 
poses high risks. Biomechanical investigations of the human response to 
vibrations use other parameters to overcome these difficulties: transmissibility, 
mechanical impedance and intervertebral motion. Transmissibility is the ratio of 
acceleration response at two specific locations; impedance is the ratio of 
transmitted force and input velocity at the same location; intervertebral motion 
is a measurement of the relative displacement and difference in phase of 
specific vertebrae. 
Several researchers have measured the seat-to-head transmissibility of 
seated subjects and reported that the response is effected by posture, use of a 
backrest and fatigue. A common outcome is a transmission peak in the vertical 
direction around 4 to 5 Hz, for both sinusoidal inputs92, 41 and impacts12. 
Hagena et al.36 have also reported a second and third resonance around 9 and 
18 Hz respectively, but it is recognized that at higher frequencies measurement 
errors due to head nodding may be introduced.82, 83  
Hinz and Seidel41 found that resonance frequencies were lower at 
higher intensity levels of vibration: the resonance shifted from 4.5 to 4.0 Hz 
when the level of vibration jumped from 1.5 to 3.0 m/s2. These results indicate 
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a pronounced non-linearity of response in the vertical direction, even at low 
acceleration levels.  
Although mechanical impedance has the advantages over 
transmissibility to give indication of the amount of force required to produce a 
given movement and it is less sensitive to measurement errors, very few 
comprehensive impedance studies have been undertaken. They present 
similar result as the seat-to-head transmissibility studies, but offer less 
information on resonance of parts farther away from the input surface (e.g. the 
head). 
In a recent investigation Smith88 applied both techniques, driving-point 
impedance and transmissibility, to evaluate the contribution of specific body 
parts to resonance behavior. She confirmed that the upper torso is responsible 
for the first resonance peak and that the legs contribute to the second 
impedance peak. A strong attenuation above 10 Hz was also observed. 
Dynamic motion of the vertebrae is measured with transducers directly 
attached to pins driven into the spinous process. The compressive load on the 
spine can then be predicted by using the stiffness of the intervertebral joints. 
Several investigators used this invasive, but reliable approach.  
Panjabi et al.68 showed that the transmission of vertical vibration from 
the seat to the lumbar vertebrae peaks around 4 to 5 Hz and that a pure 
vertical vibrational input induces horizontal and angular motion of the 
vertebrae. 
The data of Pope et al.73 confirm the findings of Panjabi et al. and show 
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that the contraction of trunk muscles help reduce the intervertebral motion, 
therefore supporting the stabilizing role of active trunk musculature. 
Skin mounted accelerometers is one possible alternative to the use of 
invasive pins, but their use has diminished over the years due to the difficulty 
associated with the motion of the skin relative to the vertebrae. Some 
researchers40, 53 have developed very complex transfer functions to account for 
the transient displacements of the accelerometer attached to the body surface. 
 
BIODYNAMIC MODELS 
Most of the early and subsequent models are mechanical uniaxial 
analogues built with different combinations of springs, masses and dampers.  
Figure 10     Uniaxial model in vertical direction (from ISO 7962, 1987). 
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They evolved from fairly simple one-degree-of-freedom representation to multi-
degree-of-freedom to incorporate the appendages of the upper body. Some of 
the most cited are those of Coermann et al.19, Payne and Band70 and Potemkin 
and Frolov75. They all appear to be “curve-fitting-model”, since the geometrical 
configuration and parameters are chosen to fit the limited experimental data. A 
typical uniaxial lumped-parameter model is shown in Figure 10.46 
Orne and Liu66 pinpointed the limits of the uniaxial models in explaining 
some of the spinal injuries sustained by airplane pilots during ejection. Their 
two-dimensional discrete-parameter model of the spinal column with discs 
represented by visco-elastic elements accounts for axial, shear and bending 
deformations of the discs and for the natural curve shape of the spine. When 
subjected to vertical impacts, large bending moments and axial compressive 
forces occur in the thoracic region. These results explain the high incidence of 
anterior lip fractures of the thoracic vertebrae during ejection. 
A similar two-dimensional model, in which the 24 vertebrae of the spinal 
column, pelvis and head are constrained to move in the sagittal plane, was 
built by Prasad and King.76 A major feature of this model is the transmission of 
load via the articular facets, based on in-vivo experiments on cadavers.77 Their 
results give a convincing explanation of the anterior wedge fracture of the 
vertebrae arising from very high vertical impact accelerations. 
Belytschko and collegues5 developed one of the first three-dimensional 
head-spine models. This model is highly complex and it includes ligaments, 
cartilaginous joints and viscera in addition to the spinal elements. Their results 
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show that the 5 Hz resonance, widely reported, in the literature is due to spinal 
bending and not to axial resonance of the column. Axial resonance was found 
around 20 Hz. 
The two and three-dimensional models mentioned above have been 
developed to simulate the response to high intensity impacts, such as those 
encountered during ejection from airplanes. None of these models have been 
tested and judged for their ability to predict human response to shocks of 
amplitudes typically experienced by all-terrain vehicles. 
In the last decade the modeling effort has taken several directions. 
Finite-element investigations have been applied to spinal motion segments, 
typically composed of two vertebrae and the disc in between (Figure 11)32. 
Non-linear, three-dimensional representations of ligaments lumbar spinal 
segments have been developed by Kasra et al.51 and Goel et al.33. 
 
Figure 11     Triaxial finite-element model of spinal segment (from Goel et al., 1988). 
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The detailed anatomical representation allowed by the finite-element approach 
gives an exhaustive description of the stresses induced by cyclic and step 
loads.  
The recent models of Kitazaki and Griffin54 (Figure 12) and Pankoke et 
al.69 (Figure 13) utilize the finite-element method to analyze the biomechanical 
response of seated subjects to WBV. Kitazaki and Griffin use beam, spring and 
mass elements to model the spine, head, viscera, pelvis and buttocks in the 
mid-sagittal plane. A detailed modal analysis shows that the principal 
resonance at about 5 Hz consists of an entire body shape, in which head, 
spine and pelvis move as a single rigid body; the second principal resonance at 
about 8 Hz correspond to a rotational mode of the pelvis. Their results correlate 
well with the vibration mode shapes obtained with experimental modal 
analysis. 
The model of Pankoke et al., still under development, represents a 
sitting man with adjustable body height, body mass and posture. The postures 
under consideration are a standard posture with erect torso and folded arms, a 
steering wheel posture typical of truck drivers and a bent forward posture 
typical of crane operators. The model is two-dimensional and anatomically 
realistic; all of the body parts are represented by rigid bodies connected by 
linear springs. The purpose of this model is to extrapolate compressive and 
shear forces in the lumbar vertebral discs from an arbitrary input excitation at 
the seat. 
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Figure 12     Two-dimensional finite-element model in the sagittal plane (from Kitazaki and 
Griffin, 1997). 
 
Figure 13     Two-dimensional model of seated man (from Pankoke et al. 1998). 
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The main drawback of most spinal models, regardless of their 
sophistication, is the lack of musculature description or, if present, the 
inadequate representation as passive visco-elastic elements. 
A novel model based on inverse dynamics has been recently presented 
by British Columbia Research.64 It uses the displacement and accelerations of 
the upper body to calculate the forces acting at the L4-L5 joint. The spinal 
accelerations due to seat acceleration are derived from a dynamic response 
model, which is composed of single degree of freedom linear lumped 
parameter models in the fore-aft and lateral direction and a recurrent neural 
network in the vertical direction. The use of a neural network is justified by the 
nonlinear response of the human body in the vertical direction. 
 
DOSE-EFFECT RELATIONSHIP 
 
A quantitative dose-response relationship between vibration exposure 
and risk of health effects is not available at the moment. Several methods have 
been proposed to assess the impact of whole-body vibration to people in 
normal health. Among these, two have gained popularity and are both present 
in the current international standard for the evaluation of human exposure to 
whole-body vibration45. The RMS (root-mean-square) method is generally 
preferred for vibration with crest factors below 9, while the RMQ (root-mean-
quad) approach seems to be more appropriate for vibration with substantial 
peaks. The RMS assumes that the body response is related to the energy 
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content of the vibration time history, while the RMQ, a compromise between 
RMS and peak measures, is an average of the fourth power of the acceleration 
time history. Because both methods are based on subjective rating of 
discomfort rather than objective measures of accumulated strain in the lumbar 
spine, it seems unlikely that these approaches could be relevant to health 
effects.  
A working group established under the auspices of ISO 
(ISO/TC108/SC4/WG10) is evaluating alternative methods for industrial 
evaluation of repeated shocks. The most promising methods are based on the 
estimate of the compressive force along the lumbar spine and the fatigue 
characteristics of the human tissues.     
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CHAPTER IV 
 
 
RESEARCH DESIGN AND METHODS 
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MODELING METHODOLOGY 
 
The most relevant characteristics of our model are the presence of 
active musculature and anatomical features. Most of the dynamic models 
developed in the past are lumped-parameter models built with passive 
components, namely masses, springs and dashpots. They are typically uniaxial 
and subjected to harmonic oscillation inputs. Even the most sophisticated 
dynamic models rely on passive springs to account for muscular presence. On 
the other hand the most recent models used to assess the stability of the 
human lumbar spine in static conditions feature a better description of the 
spinal musculature, but lack the inertial properties necessary for dynamic 
simulation. The nervous system responds to unpredictable kinematic stimuli by 
invoking co-contraction of the antagonist trunk muscle in order to counteract 
the uncontrolled sway of the upper body induced by the unexpected 
perturbation. Although the degree of simultaneous activation of antagonist 
muscles is mechanically indeterminate, due to the redundant nature of the 
musculoskeletal system, a stable trunk posture can be obtained with a 
minimum amount of muscular activity. The validity of the model is evaluated by 
its ability to maintain a stable posture under a variety of kinematic conditions.  
A biodynamic model of the human upper body resembling a seated 
passenger in a vehicle is built and simulated with the aid of ADAMS (Automatic 
Dynamic Analysis of Mechanical Systems-Mechanical Dynamics, Inc.) 
computer code. The model is developed in stages of progressive complexity, 
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starting with a two-dimensional inverted pendulum representing the human 
trunk in the sagittal plane. The response of this model to simple perturbations 
and uniaxial harmonic excitations is compared with analytical solutions to yield 
information on the amount of non-linearity and with experimental data to tune 
and assess its mechanical characteristics. Further refinements in muscle 
activity modeling are introduced to mimic the state of alertness in preparation 
of a rough ride, which is initially constructed with idealized shock profiles in 
different directions. The behavior of the model is analyzed in terms of stability 
of posture and sensitivity to muscle response. An evaluation of the internal 
forces transmitted through the lumbar spine is also performed. Both models in 
the sagittal and coronal plane are then made more anatomically realistic by 
adding the inertial properties of the upper torso, the spinal stiffness and a more 
detailed architecture of the trunk musculature. The response is evaluated by 
subjecting both models to realistic riding conditions on rough terrain. Angular 
acceleration traces extrapolated from acceleration time histories of vehicle 
rides are used to assess the sensitivity of the model to rotational excitations.  
 
BIOMECHANICAL STABILITY 
 
 Considering that our modeling effort is focused to demonstrate and 
quantify the stabilizing effect of antagonist muscle forces on the maintenance 
of posture under impulsive motion, it is necessary to define the concept of 
stability in our contest. Given the dynamic nature of our simulation, it is obvious 
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that we are not referring to clinical instability, which covers manifestations of 
degenerative changes in the lumbar spine and it is typically detected through 
physical and radiological examination. On the other hand, elaborate 
mathematical definitions for stability are not needed in our application, because 
the graphical computer simulation provides a detailed description of the 
behavior of the model as it progresses through the simulation. The usual 
practical definitions of static and dynamic stability are being used instead: the 
system is considered statically stable, when displaced from its initial position of 
equilibrium, it tends to return to it; the system is dynamically stable when the 
time history of the response does not grow with time or it reaches the initial 
position of equilibrium, at least asymptotically.    
 
VEHICLE RIDE DATA 
 
Road shock and vibration testing are routinely conducted on military 
vehicles by the Vibration Test Branch of the US Army Combat Systems Test 
Activity (CSTA). The objective of these tests is to gather vibration data on 
components aboard the vehicle and evaluate the ride quality at the crew 
positions in the vehicle. The driver and passenger seats are instrumented with 
ride quality pads conforming to the specifications listed in ISO 2631-1985 and 
BS 6841-1987.  They are made of hard rubber disks containing three 
piezoresistive accelerometers arranged so as to measure linear acceleration in 
three orthogonal axes and rest on top of the seat cushion. A typical set-up is 
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shown in Figure 14.47 Acceleration time histories are collected while the vehicle 
is driven over several test courses at given constant speeds. The data are then 
post-processed, verified and digitized for subsequent analysis. Two techniques 
are commonly used by the US Army to analyze the ride quality: the first 
technique involves integrating the power spectral density (PSD) data over the 
frequency bands specified by ISO 2631-1985; the second technique requires 
determining the power absorbed by the seated subject as described in the SAE 
paper “Analytical Analysis of Human Vibration” presented by RA Lee and F 
Pradko in 1968. Both methods calculate the ride severity and give guidelines 
on human exposure limits and acceptability of various ride quality 
environments.        
 
 
Figure 14     Semi-rigid mounting disc (from ISO 10326-1, 1992). 
 
Vehicle ride data, gathered under army supported research, were 
extensively used by British Columbia Research Inc. (BCRI) in Vancouver-
Canada to complete a 6-year, 5-phase study for the US Army Aeromedical 
Research Laboratory (USAARL) in Ft. Rucker to develop a health hazard 
assessment method for repetitive mechanical shocks in tactical ground 
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vehicles (TGVs). The report of this research project is now available to the 
public through the National Technical Information Service (NTIS) at the US 
Department of Commerce and it is titled “Development of a Standard for the 
Health Hazard Assessment of Exposure to Mechanical Shock and Repeated 
Impact in Army Vehicles”.  The motion characterization at the seat of military 
vehicles is summarized in report no.2 and it is derived from acceleration 
measurements taken in x, y and z direction from TGVs at the US Army 
Aberdeen Proving Ground-MD. These motion signatures were then used to 
drive the multi-axis ride simulator (MARS) at Ft. Rucker for the experimental 
phase with human subjects, where a large body of electromyographic data 
were collected. 
Because our intent is to apply these kinematic profiles to our model and 
to use the associated experimental electromyographic data to validate certain 
features, we contacted and visited the US Army Aberdeen Test Center to gain 
access to ride data. From the available database we choose the set of 
acceleration data with the most representative combination of jolts and shocks 
experienced by riders of all-terrain vehicle over rough courses. In particular we 
opted for the data collected on two vehicles that exemplify the extreme variety 
of vehicles employed by the US Army: the Abrams M1A2 tank, at the forefront 
of lethality and fightability (Figure 15), and the M917A1 dump truck, a non-
developmental item utilized for basic support activities (Figure 16).  
The Abrams M1A2 tank is a full-tracked, armored, land combat vehicle. 
It is operated by a four-man crew consisting of a commander, gunner, loader 
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and driver. It weighs 69.5 tons and has a maximum speed of 42 mph that drops 
to 30 mph for cross country operations. It can negotiate obstacles up to 42 
inches high and vertical trenches 9 feet high. 
 
 
Figure 15     M1A2 Abrams main battle tank (from US Army Logistics Management Division, 
2000). 
 
The M917A1 dump truck is used by the US Army Reserve and US Army 
National Guard. It is a commercially designed, 2-seat conventional cab, 6x6 
truck propelled by a diesel engine with automatic transmission. Its dump box 
has a capacity of 14 cubic yard and a load capacity of 18.5 tons. Although it is 
equipped with a central tire inflation system that allows adjusting the tire 
pressure according to operating conditions, its suspensions are tuned to 
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handle the gross vehicle weight of 34 tons, which is more than twice its curb 
weight. Consequently the unloaded configuration is more severe than the 
loaded configuration in term of ride quality. 
 
 
Figure 16     M917A1 military dump truck (From Freightliner Government Vehicles, 2000). 
 
Both vehicles were operated over various test courses at different 
speed; a description of the test course can be found in Report TOP (Test 
Operations Procedure) 1-1-011/July 1981 “Vehicle Test Facilities at Aberdeen 
Proving Ground” of the US Army Test and Evaluation Command.  Acceleration 
data were collected at a rate of 400 samples per second to prevent signal 
aliasing and expressed in g’s over test time. Figures 17 through 24 show 
typical acceleration time histories taken at the driver seat of these vehicles, 
while driven at a specific cruising speed on test courses at the US Army 
Aberdeen Proving Ground. The traces in Figures 17, 18 and 19 were collected 
on cross country course number 3, which is considered rough due to many 
years of testing tracked vehicles. Course number 3 is laid out in a loop of 
irregular and wavy terrain; the native soil includes loam and the mud ranges 
from light to cohesive. Figure 20 details the severe impulsive motion in the 
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three biodynamic axes (V vertical or z, T transversal or y, L longitudinal or x) 
around 1.45 seconds of test time. The traces in Figures 21, 22 and 23 were 
collected at the driver seat of the dump truck while driven at 5 miles per hour 
over the radial washboard course with the dump box unloaded. The radial 
washboard course has symmetrical bumps ranging from 2 to 4 inches in height 
and from 1 to 6 feet from crest-to-crest. It is laid out on reverse curves, in such 
a way that the wheels of a test vehicle are subjected to impacts at varied 
frequencies for any given speed. The course surface is concrete. It is 
interesting to note the very high crest factor in the vertical direction due to a 
bump exceeding 6 g’s in both positive and negative directions. A significant 
crest factor of 14.9, well above the limit of 9 under which the RMS method 
specified by ISO 2631 is used to assess ride severity, also is present in the 
longitudinal direction. Figures 24 zooms in on the high acceleration event 
around 41.9 seconds of test time.  
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Figure 17     Vertical acceleration time history at the driver seat of the M1A2 tank over cross-
country # 3 test course at 15 miles per hour cruise speed (RMS=4.5 m/s**2; Crest Factor=9.3). 
 
 
Figure 18     Transversal acceleration time history at the driver seat of the M1A2 tank over 
cross-country # 3 test course at 15 miles per hour cruise speed (RMS=3.3 m/s**2; Crest 
Factor=4.1). 
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Figure 19     Longitudinal acceleration time history at the driver seat of the M1A2 tank over 
cross-country # 3 test course at 15 miles per hour cruise speed (RMS=4.7 m/s**2; Crest 
Factor=6.0). 
 
 
Figure 20     Details of acceleration event around 1.45 seconds of test time. 
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Figure 21     Vertical acceleration time history at the driver seat of the M917A1 dump truck 
over radial washboard test course at 5 miles per hour cruise speed in unloaded configuration 
(RMS=2.5 m/s**2; Crest Factor=27.0). 
 
 
Figure 22     Transversal acceleration time history at the driver seat of the M917A1 dump truck 
over radial washboard test course at 5 miles per hour cruise speed in unloaded configuration 
(RMS=2.5 m/s**2; Crest Factor=5.5). 
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Figure 23     Longitudinal acceleration time history at the driver seat of the M917A1 dump truck 
over radial washboard test course at 5 miles per hour cruise speed in unloaded configuration 
(RMS=1.6 m/s**2; Crest Factor=14.9). 
 
 
Figure 24     Details of acceleration event around 41.9 seconds of test time. 
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MODEL VALIDATION 
 
Considering the ethical concerns associated with the invasive 
techniques to obtain direct measurements of the internal forces generated by 
the spinal musculature and of the compressive load acting on the lumbar spine, 
the necessary validation of the model is only partial and carried out through a 
combination of methods. Accelerometric and electromyographic (EMG) 
experimental studies, which are the major sources of information regarding the 
behavior of the musculature of the lumbar region of the spine to whole-body 
vibrations and impulsive forces, are used to compare musculature behavior, 
motion of the upper-body and sensitivity to shock direction and magnitude. 
Given the controversial relationship between electromyographic signal and 
muscular force, especially for dynamically contracting muscles, the validation is 
complemented with relevant data available from the scientific literature about 
the physiological capacity of muscles and the compression forces on the L5-S1 
lumbar joint. In addition, sensitivity analysis is performed during the various 
modeling stages to explore the influence on the model response of the 
assumptions made in term of external world, structure of the model and model 
parameters.  
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CHAPTER V 
 
 
MODELS 
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 INTRODUCTION 
 
The various stages of model development follow the progression 
outlined in Table 1. 
 
TWO-DIMENSIONAL INVERTED PENDULUM MODEL 
 
A two-dimensional one degree of freedom inverted pendulum 
representing the upper body of a seated passenger is shown in Figure 25. This 
model represents the gross anatomy in the sagittal plane. It is a lumped-
parameter model with the mass m of the upper body above the L5-S1 joint 
concentrated above the thorax; the inertial properties are not considered at this 
stage. The spinal column swivels about the fulcrum L5-S1 that represents the 
lumbar joint between the sacrum and the lower lumbar spine.  
The muscles acting on the lower spine, erector spinae (ES) and rectus 
abdominis (RA), are represented by springs of linear stiffness k with a moment 
arm a; they span from the pelvis DE to the lower thoracic cage AB. The 
modeling of muscles as passive spring active in both extension and 
compression is rather simplistic, but it reflects the common approach used in 
most of the models used for biodynamic analysis. A more realistic 
representation of muscle behavior will be described in the successive phases 
of model development.   
The parameter values employed in the model are as follows: 
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m = 40 kg; L = 0.35 m; H = 0.15 m; a = 0.05 m 
 
Table 1     Steps of model development. 
     STAGES OF MODEL DEVELOPMENT 
      
 1. Develop inverted pendulum model of lumbar spine in ADAMS environment 
 with the following attributes:   
  - sagittal plane (2D);     
  - single concentrated mass for upper torso-head; 
  - erector spinae and abdominal muscles represented by passive elements 
    (springs);    
  - hinge joint at L5-S1.    
      
 2. Analyze stability in static conditions and compare with analytical solution. 
      
 3. Obtain response characteristics when model is subjected to a sinusoidal   
 motion at L5-S1 in horizontal and vertical direction.  
      
 4. Compare results of dynamic simulation with analytical solution for different  
 model parameters (geometrical dimensions, stiffnesses, masses) and with  
 experimental data.    
      
 5. Evaluate behavior of system to impacts in terms of: 
  - stability of posture;    
  - sensitivity to muscles properties;  
  - magnitude of internal forces.   
      
 6. Increase model complexity by adding:  
  - inertial properties of upper torso-head;  
  - flexibility of lumbar spine;   
  - sagittal + frontal plane;   
  - active response of muscles.   
      
 7. Evaluate response of model to linear and angular accelerations in terms of: 
  - stability of posture;    
  - sensitivity to spinal stiffness and muscle response characteristics; 
  - determination of internal forces.  
      
 8. Apply kinematic profiles collected from military vehicles riding over  
 rough terrain.    
      
 9. Compare forces generated by muscles with experimental studies of  
 EMG and dynamic response published in scientific literature. 
 
 
The mass m of 40 kilograms represents 57% of the total body mass of an 
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average 70 kilogram man, while a is the distance of the line of action of the 
erector spinae muscles from the center of the intervertebral disc between L4 
and L5.   
  
 
Figure 25     Two-dimensional one-degree-of-freedom model of a seated passenger. 
 
These two parameters were employed by Robertson and Griffin79 in their 
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biomechanical model used to calculate disc compression forces. The value of 
H and L are derived from anthropometric data used in occupational 
biomechanics16 for a body stature of 1.70 meters. Although the assumption of 
symmetry of line of action of back and front muscles is not anatomically 
realistic and it will be dealt with later on, it does not effect the general behavior 
of the model.  
 
STABILITY OF EQUILIBRIUM IN STATIC CONDITION 
The stability of equilibrium is investigated by displacing the system from 
its position of static equilibrium and observing the subsequent response. The 
equilibrium is considered unstable if the response grows with time. Since this 
system does not possess damping, the time history of a stable oscillation 
response cannot decay with time nor reach the original position of equilibrium. 
The stability responses obtained by solving the equations of motion are 
compared with the simulation results of the computer model. The purpose of 
this comparison is to highlight the non-linearities associated with this model 
configuration and to quantify their extent and significance on model response.    
The minimum stiffness of the back and front muscles, called critical stiffness 
kcr, necessary to maintain the inverted pendulum stable and obtained 
analytically through methods of linearization is: 
(1)  kcr ≥ mg (L+H) / 2a2, 
being g the gravitational constant. In our particular case kcr equals 39,227 N/m.  
The natural frequency of oscillation f about the vertical position of equilibrium, 
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still obtained from analytical investigation after linearization and binomial 
expansion, is expressed as: 
(2)  f = (1/2π) [2a2k / m(L+H)2 – g / (L+H)]1/2 
Both the critical stiffness and natural frequency of oscillation are independent 
of muscle pretension (spring pre-load) and initial conditions. 
  
Discussion 
The simulation results show very good agreement with the analytical 
results for very small angles of initial perturbation (≤ 3°) from the vertical 
position of equilibrium, but significant differences as the initial angle of 
disturbance increases. The critical stiffness lies between 39,200 and 39,300 
N/m for angles less than 3°, but it progressively rises as the initial angle 
increases. The natural frequency of oscillation depends upon the amplitude of 
the initial angular displacement, although, contrary to the critical stiffness, it 
tends to decrease as the angle increases. The critical stiffness is not affected 
by the spring pre-load, as found in the analytical investigation. Figures 26, 27 
and 28 exemplify such a behavior. That the period of oscillation and critical 
stiffness depend on the initial perturbation does not come as a surprise: the 
frequency of free oscillations of undamped non-linear systems is well known to 
be a function of the amplitude of oscillation, which in turn is affected by the 
initial conditions. Particularly interesting is the fact that for a given muscular 
stiffness the system may be either stable or unstable depending upon the value 
of the initial disturbance, as indicated in Figure 29. 
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Figure 26     Effect of muscular stiffness on stability of static equilibrium. - - - - : 41,200 N/m;  
— - — - : 41,300 N/m; ······ ·· ······ : 41,400 N/m; – – – – : 41,450 N/m; · · · · · · : 41,500 N/m. 
 
 
Figure 27     Effect of initial angle of perturbation on frequency of oscillation.———— : 36º 
angle; – – – – – : 15º angle. 
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Figure 28     Effect of spring preload on response. ———— : no preload; – – – – – : 500 N of 
preload; - - - - : 2,000 N of preload. 
 
 
Figure 29     Effect of amplitude of initial perturbation on stability of static equilibrium.  
———— : 7º angle; – – – – – : 17º angle. 
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From the analysis of stability in static conditions we can notice that 
“muscle stiffness”, although not yet explained and not yet tied to muscle 
properties, has an indisputable role in stabilizing the system. This concept will 
be further exploited and investigated in one of the next steps of model 
development. By converse the independence of frequency of response from 
muscle pre-load does not agree with experimental data25, which show that 
increased muscle contraction tends to stiffen the trunk and shifts the resonant 
frequencies of the torso.  
The discrepancies in response between the analytical solution obtained 
after linearization and the computer simulation will obviously become more 
relevant as the model is subjected to larger perturbations typical of rough 
vehicle rides.   
 
RESPONSE TO HORIZONTAL AND VERTICAL HARMONIC OSCILLATIONS 
The model previously developed is used to study the response to single 
harmonic excitations in the horizontal (fore-aft) and vertical direction. The 
forcing motion is transmitted through the pelvis, on which the erector spinae 
and rectus abdominis muscles are attached. A comparison with the outcome of 
field experiments performed on human subjects is then carried out to pinpoint 
some of the limitations of this model. 
 
Response to Motion in Fore-Aft Direction 
When the inverted pendulum model is subjected to sinusoidal lateral 
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vibration in the fore-aft direction (x-axis in the sagittal plan), it exhibits a 
periodic motion about the vertical position of equilibrium. This periodic motion 
can be decompose in two harmonic terms: one characterized by the natural 
frequency of oscillation of the system, the second by the frequency of the 
forcing sinusoidal motion. Figures 30 and 31 show the periodic motion of the 
spinal column and its frequency decomposition: the sinusoidal forcing motion 
has a frequency of 4 Hz, while the natural frequency of the system is about 0.7 
Hz. 
The system is stable when the muscular stiffness is greater than the 
critical stiffness kcr  calculated as in (1) and the frequency of the forcing motion 
does not coincide with the natural frequency of oscillation. The frequency 
spectrum (Figure 32) of the angular displacement of the spinal column (Figure 
33) shows a single frequency only due to resonance; the system response 
grows unstable, even though the muscular stiffness is well above the critical 
stiffness.  
As previously found, the non-linearities of this model structure explain 
the small differences between the frequency of natural oscillation calculated 
analytically with (2) and that obtained by simulation. As expected, this 
difference becomes insignificant for very small angle of oscillations (≤ 3°).       
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Figure 30     Angular displacement of spinal column about vertical position of equilibrium.  
Sinusoidal horizontal motion at the pelvis of 4 Hz frequency and 6.31 m/s**2 maximum 
acceleration. 
 
 
Figure 31     Frequency spectrum of angular displacement vs. time plot of Figure 30. Peaks at 
1Hz (resonant frequency) and 4 Hz (frequency of forcing motion). 
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Figure 32     Frequency spectrum of angular displacement vs. time plot of Figure 33. Resonant 
frequency and frequency of forcing motion are both 1 Hz. 
 
 
Figure 33     Angular displacement of spinal column about vertical position of equilibrium. 
Sinusoidal horizontal motion at the pelvis of 1 Hz frequency and 0.39 m/s**2  maximum 
acceleration. 
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Response to Motion in Vertical Direction 
The model is insensitive to forced motion in the vertical direction (z-axis 
in the sagittal plan) because of its symmetry to the yz plane. When given an 
initial displacement from its position of vertical equilibrium, the spinal column 
oscillates in response to vertical harmonic oscillations, but it behaves quite 
differently from what we saw with horizontal forced motion. Frequency and 
amplitude of oscillations are independent of the vertical excitation, but are a 
function of the geometrical characteristics of the model, the muscular stiffness 
and the initial angular displacement. Its response resembles the one seen in 
the investigation of stability in static conditions.  
The stability behavior to vertical motion can be assessed with the 
stability chart of the Mathieu equation shown in Figure 34.90 In fact the equation 
of motion for harmonic excitations in the vertical direction and for small 
oscillations about the position of equilibrium can be reduced to a Mathieu 
equation of the form: 
(3)  d2θ /dτ2 + (δ + ε cos τ) θ = 0, 
where: θ  is the angle of the spine from the vertical position, δ = (ω /ω0)2 ,  
ω =[2a2k / m(L+H)2 – g /(L+H)]1/2 is the natural angular velocity, ω0  the angular 
velocity of the forcing excitation, ε = A / (L+H) and A the amplitude of the 
forcing excitation. 
This equation is linear with coefficients varying periodically with time. The 
stability of motion depends on the relative values of δ and ε. For the typical 
oscillations experienced in practice the ratios A / (L+H) and (ω /ω0)2 are fairly 
   
  72   
small, therefore the system is relatively stable.  
 
 
Figure 34     Regions of stability (hatched areas) in the (ε, δ) plane for the Mathieu equation 
without damping (from Stoker, 1950). 
 
 
Comparison with Experimental Data 
The results of the EMG studies of Robertson and Griffin79 on seated 
subjects on an electrohydraulic vibrator exposed to sinusoidal vibrations of 
different frequency and magnitude provide clear evidence of phasic muscle 
activity at each frequency in all linear directions. More specifically, the 
response of rectus abdominis muscles consists of burst of EMG activity of 
similar amplitude to that recorded from the erector spinae muscles, occurring 
   
  73   
180 degrees out of phase to the lumbar response.  
The muscular force exerted through the springs in the model oscillates 
at the same frequency of the spinal column. We saw that the response in the 
fore-aft direction is composed of the superposition of two harmonic oscillations, 
one of them being the free mode of vibration of the system. With the presence 
of some damping, which we did not include in the model, the term related to 
the natural mode of oscillation will vanish over time. The steady-state response 
is then harmonic with the same frequency of the forcing motion and the muscle 
forces become synchronous with the sinusoidal input in the horizontal direction. 
The frequency spectrum of the response in Figure 35 shows that the frequency 
of the exciting motion coincides with the oscillation of the spine, after the 
transient motion has decayed (Figure 36). This behavior is not present in the 
vertical direction because the oscillation of the spine can be considered 
independent of the forcing excitation for practical purposes.  
When humans are exposed to horizontal vibrations of the same 
magnitude, the maximum amplitude of muscular response is evoked when the 
input frequency is around 1 Hz. The model exhibits the maximum oscillation in 
the fore-aft direction at resonance, which, as seen in (2), depends upon the 
value of the “muscle stiffness”. 
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Figure 35     Angular displacement of spinal column about vertical position of equilibrium. 
Linear damping of 2,500 Ns/m; sinusoidal horizontal motion at the pelvis of 4 Hz frequency and 
1.41 m/s**2 maximum acceleration. 
 
 
Figure 36     Frequency spectrum of angular displacement vs. time plot of Figure 35 after 
transient motion has decayed (5 to 10 seconds interval). Peak at 4 Hz frequency (forcing 
motion). 
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Discussion 
The model response shows some agreement with the experimental data 
for harmonic vibrations in the horizontal direction, but it differs significantly with 
unidimensional vertical excitations. Although the rhythmic response of muscles 
to predictable and periodic stimuli could be explained by a purely induced 
reflex activity, the lack of phasic activity along with the almost complete 
independence of response and stability from the characteristics of the vertical 
excitation pinpoint to the need of a better anatomical and physiological 
description.  
The higher sensitivity, in term of stability of posture, to perturbations in 
the horizontal direction could explain the greater voluntary effort exerted by the 
subjects in the laboratory, when exposed to fore-aft vibrations. By converse 
little voluntary effort seems to be directed towards the maintenance of postural 
stability in the case of vertical vibrations.         
 
RESPONSE TO HORIZONTAL AND VERTICAL IMPACTS 
The model is now further modified to take into account some of the 
findings of the previous modeling stages. In particular, the eccentricity of the 
center of mass of the upper torso and a more realistic representation of muscle 
activity are introduced to overcome some of the deficiencies previously noticed.  
The response is then analyzed by subjecting the model to synthesized 
shocks typical of all-terrain vehicle rides. The effect of muscle co-contraction 
on postural stability is quantified and an assessment of the forces developed 
   
  76   
along the spine is performed.  
 
Modeling of Pre-Contracted Muscle 
Three new aspects are considered in the description of muscle response.  
The first aspect is that the force exerted must drop to zero when the 
muscle length is less than its resting length. In fact muscles can be active only 
when tensed: in other words they can only pull and not push. Although the drop 
in tension is not instantaneous, but it is governed by the shape of the trailing 
edge of the muscle twitch curve94, we are considering a step function to model 
the transition from contraction to de-contraction state.  
The second aspect is the introduction of active pre-contraction in 
anticipation of an impact. The tension produced by a muscle under isometric 
conditions is a function of its length and the degree of muscle activation; for a 
given length the tension exerted can span from zero to 100% of maximum 
voluntary contraction (MVC). The maximum isometric tension is reached at the 
resting length for 100% muscle activation as shown in Figure 37. In our model 
we consider the erector spinae and rectus abdominis muscles to be at their 
resting length, when the upper body is in the erect position of static equilibrium. 
The seated subject is considered in this position of equilibrium before the 
motion takes place. 
The third aspect is the experimental observation made by Rack and 
Westbury78 that contracted muscles resist small fast changes in length with an 
essentially linearly elastic response. They call this behavior “short range 
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stiffness” of active mammalian muscle and it describes the response to the first 
part of an unexpected movement before any form of reflex response can 
develop. In addition to Rack and Westbury, several other researchers, among 
which Morgan63 and Cannon and Zahalak15, found that this initial stiffness in 
human muscles is a function of the tension generated and it is independent of 
the combination of length and stimulus rate used to generate the tension. 
 
  
Figure 37     Tension produced by a muscle vs. its length; l0 is the resting length (from Winter, 
1990).  
 
 
Based on the findings of Rack and Westbury, Bergmark6 calculated muscle 
stiffness for small elongation and contraction to be proportional to muscle force 
and inversely proportional to its length: 
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(4) k = q (F/L) 
 where: k is the muscle stiffness, q an adimensional constant called muscle 
stiffness coefficient, F is the muscle force and L is muscle length. While 
Bergmark extrapolated a value of q equal to 40, as an average from two 
experiments, other investigators have presented different values. Crisco20 
found that q can vary from 0.5 to 42, with an average value of 10. 
Cholewicki’s18 attempt to recover the q coefficient from a more sophisticated 
model based on cross-bridge bond theory resulted in a range of values 
between 7.6 and 45 for the lowest activation levels, 50 at about 20% of MVC 
and 27 to 36 above 50% of MVC. The discrepancies in the reported value of q 
arise most likely from different experimental conditions. Although using an 
average coefficient to estimate the short range muscle stiffness is a simplistic 
approximation, we take the value of 40 calculated by Bergmark, because, at 
this stage of model development, our intent is to understand how muscle 
response affects postural stability. 
By combining all three aspects, we can model the muscle response as 
follows: 
(5a)  F = Fin + k (L - Lin), L ≥ Lin 
(5b)  F = 0, L ≤ Lin 
(5c)  k = 40 (Fin / L) 
where: F is muscle force, Fin is the force of the pre-contracted muscle, k is the 
short-range stiffness, L is muscle length and Lin is muscle resting length. This 
muscle force-length relation is pictured in Figure 38. 
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Figure 38     Modeling of tension produced by a muscle as its length changes. Lin is the resting 
length; Fin is the tension of the pre-contracted muscle. 
 
 
Simulation of Shocks 
The acceleration time history transmitted at the seat of a vehicle riding 
on a rough course is rather complex. From field data recorded on a variety of 
all-terrain vehicles, it appears that the motion can be described by a 
background of random vibration relatively small in amplitude, scattered with 
various kinds of shock waveforms.80 For the purpose of the present modeling 
stage we are interested in the synthesis of typical isolated shocks. The 
complete time history of the acceleration signal will be dealt with at a later 
stage. Although shocks time histories may present a variety of shapes, such as 
triangular or rectangular, the typical shocks encountered in vehicle rides can be 
synthesized by an exponentially decaying sinusoid: 
(6)  a(t) = [amax sin(2π f t)] ef δ  t 
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where: a(t) is the acceleration time history, amax is the peak acceleration, f is 
the frequency equal to ω / 2π and δ is the decay rate.  
The vast majority of impulses recorded at vehicle seats presents peaks 
at about 2 to 3 Hz, as indicated by the power spectral density analysis 
performed on 42 high acceleration events recorded under test track 
conditions85. A decay rate of 2.5 is typical of shocks recorded in the vertical 
direction during cross-country operation of military tactical ground vehicles80. 
Bumps of this nature are represented in Figure 39. A frequency of 3 Hz 
and a decay rate of 2.5 characterize both waveforms. The shock in the z-
direction has maximum amplitude of 4 g’s and is three times higher than the 
shock in the x-direction. They are both classified as “+2” shock type: the “+” 
meaning a positive polarity of the initial motion, the “2” being the number of 
complete oscillations in the direction of the initial motion. Following this 
definition a “-3” shock would have an initial negative polarity and would vanish 
after three complete oscillations and so forth for types “+1”, “-1”, etc. 
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Figure 39     “+2” bumps in horizontal and vertical direction. 3 Hz frequency and 2.5 decay 
rate. 
 
 
Stability of Posture to Horizontal and Vertical Shocks 
The added eccentricity of the center of mass of the upper torso, 0.025 
meters in the positive x-direction, requires a constant difference of about 200 
Newtons between erector spinae and abdominal muscles to statically stabilize 
the spine in the erect position. From this position of static equilibrium the model 
is subjected to isolated synthesized bumps of different magnitude, first in the 
vertical direction only, then in the horizontal and vertical direction 
simultaneously. In both cases the bumps are of the “+2” type with a frequency 
of 3 Hz and decay rate of 2.5.  
The graph in Figure 40 summarizes the simulation results obtained by 
increasing the maximum acceleration amplitude in the vertical direction from 1 
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to 4 g’s in steps of 1 g, being 4 g’s the maximum acceleration typically captured 
in field data. The initial pre-contraction of erector spinae and rectus abdominis 
muscles is gradually increased up to about 25% of MVC for each chosen peak 
amplitude. The maximum voluntary contraction is calculated by multiplying the 
muscle physiological cross-sectional area (PCA) by the maximum muscle 
contracting stress.8 A MVC of erector spinae muscles of 2,075 Newtons is 
computed from a PCA of 45.1 cm2 and a maximum tension of 46 N/cm2: PCA 
and maximum stress were obtained from Goel and Weinstein34 and Bogduk et 
al.8 respectively. The stability of posture is judged by the shape of the 
oscillation history of the spine about the vertical position of static equilibrium: 
an oscillation is considered stable when it does not grow with time. Figure 41 
shows a stable oscillation in response to a 4 g's vertical bump. The graph in 
Figure 42 is obtained with the same approach of the previous graph, by 
imposing simultaneous shocks in the horizontal and vertical direction; the 
amplitude ratio of peak amplitudes in z and x-direction is 3 to 1, as typically 
experienced on rough rides.  
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Figure 40     Postural stability and instability regions of the upper body as a function of muscle 
pretension and amplitude of impact in vertical direction. 
 
 
Figure 41     Angular displacement of spinal column about vertical position of equilibrium in 
response to impulsive motion in vertical direction. ———— : angular displacement of spine;  
– – – – – : “+2” 4-g impact in vertical direction. 
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Figure 42     Postural stability and instability regions of the upper body as a function of muscle 
pretension and amplitude of simultaneous impacts in horizontal and vertical direction. 
 
 
Discussion 
Contraction of the antagonist trunk muscles in anticipation of incoming 
shocks is necessary to counteract the sway of the upper body. While the 
amount of muscular activity needed for stabilization to vertical impulses is 
relatively low, up to 20% of MVC for 4 g's shocks, a much higher co-contraction 
is required to maintain stability when fore-aft impulses are present. The 
minimum co-contraction jumps to almost 40% of MVC when, along with the 4 
g's shock in z-direction, there is a horizontal one only 1/3 in magnitude of that 
in the vertical direction. We should expect high sensitivity to vehicular pitching 
motion as well, because it induces postural disturbances similar to those 
generated by fore-aft motion. 
Frequency analysis of spine oscillations to shocks gives evidence of 
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increased frequency of response, as the muscular co-contraction rises (Figure 
43). Although the frequency of response decreases with increasing shock 
amplitudes for a given co-contraction level, the stiffening effect of muscular 
pre-tension agrees with experimental observations. The non-linearity of 
response to shock magnitude also is evident in Figure 44. 
 
 
Figure 43     Frequency of oscillation in sagittal plane as a function of muscle co-contraction 
and shock magnitude. 
 
 
The muscle pre-tension stabilizes the spine, but tends to increase spinal 
stresses. The compressive load on the spine increases with shock magnitude 
and higher muscular activity. Figure 45 summarizes the results of the computer 
simulation in the vertical direction. Figure 46 shows the vertical load on the L5-
S1 joint along with the muscular force exerted by the abdominal and dorsal 
muscles.  
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Figure 44     Angle of oscillation in sagittal plane vs. shock magnitude. 
 
Figure 45     Compressive load on lumbar spine vs. shock amplitude. 
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Figure 46     Angular displacement of spinal column about vertical position of equilibrium and 
muscular tension in response to impulsive motion in vertical direction. ———— : angular 
displacement of spine; — - — - : compressive load on L5-S1; – – – – – : tension of dorsal 
muscles; - - - - : tension of abdominal muscles. Compressive load on spine and muscular 
tension are both expressed as negative forces. 
 
 
The rapid increase in vertical load from the initial resting position is due 
to the sudden positive 4 g's acceleration, but its contribution is only about 60% 
of the total vertical load. Pre-tension of the antagonist muscles, although only 
slightly higher than the minimum required to maintain postural stability, 
accounts for roughly 25% of the vertical load on the lumbar joint. The 
combination of upper body weight, inertial load due to acceleration and muscle 
pre-tension brings the total compressive load at L5-S1 close to 2,700 N. If we 
consider the mean static compressive strength of 5,800 N for a typical lumbar 
segment, as measured by Brickmann et al.10, we are well above the 30% of 
static strength below which fatigue effects would not occur. Considering that 
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muscular co-contraction in preparation to unpredictable kinematic perturbations 
is likely to exceed the minimum required to maintain a stable posture, dynamic 
peak loads on the lumbar spine would easily reach its fatigue strength limit.  
The higher muscular pre-tension, needed to retain a stable posture when 
longitudinal impulses are present, induces significantly higher compressive 
loads on the spine. Figure 47 shows the maximum spinal load obtained during 
simulation with synthesized shocks along with the initial static load on the spine 
necessary to equilibrate the mass of the upper-body and the initial co-
contraction of antagonist muscles. The static load becomes a bigger 
percentage of the total load on the spine, as the simultaneous activation of 
antagonist muscles increases. 
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Figure 47     Compressive load on lumbar spine vs amount of muscular pre-tension needed to 
maintain postural stability for single and combined impacts in vertical and horizontal direction.  
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ANATOMICAL MODELS IN SAGITTAL AND CORONAL PLANE 
   
More anatomically realistic models are developed in both sagittal (xz) 
and coronal (yz) plane. They include the moments of inertia of the upper body 
and the compliance of the lumbar spine. A more realistic representation of the 
dorsal and abdominal muscles is also included. Both models are built with the 
capability to accept linear and angular excitations transmitted through the 
pelvis.    
 
ASSUMPTIONS AND LIMITATIONS 
The anatomical features of both models are computed by using a linked-
segment model of a typical human weighing 70 kilograms and 170 centimeters 
tall, sitting with the thorax-abdomen fully erect and both forearms up. This 
posture resembles that of a seated passenger riding on a vehicle without 
leaning against the backseat.  
 These models are built with rigid segments connected by frictionless hinge 
joints. Each model is two-dimensional and it is assumed that no cross-talk 
between the two orthogonal planes takes place. The movement of the head-
neck relative to the thorax is neglected and their masses are combined with the 
mass of the thorax. The upper-body rotates as a whole rigid body about the 
vertebral joint L5-S1 in the lower portion of the lumbar spine. The damping of 
the spine is not included along with the elastic properties of the pelvis. The 
muscles are grouped together according to their function (e.g.: flexor and 
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extensor) and the tendons are considered inextensible. The unloading of the 
spinal column, by building up pressure in the diaphragm, is neglected. 
Some of the assumptions listed above may effect the response to some 
specific kinds of motion, such as the nodding of the head during a pitching 
motion.67 Because we are mainly interested in the global response of the upper 
body to perturbations induced through the pelvis by the motion of the vehicle, a 
very detailed description of the upper trunk and its appendages is not needed.  
Even though all of the vertebral joints contribute to the motion of the spine in 
lateral bending and flexion-extension, the lumbar motion segments exhibit the 
highest range of motion. The thoracic vertebrae are connected to the sternum 
through the ribs and consequently offer a very limited motion.  
The viscous damping for tension-compression within the thoracolumbar 
intervertebral joints is very light, as shown by free vibration tests of single 
specimens performed by Markolf.61 Axial damping is subcritical and slightly 
less than the damping present for bending rotations. Therefore its effect on the 
dynamic response of the spine can be ignored.   
Tendons and muscles are anatomically linked and the properties of 
tendons influence those of muscles and vice versa. On the other hand, tendons 
are relatively stiff in order to transmit the force of their associated muscles to 
bones, without undergoing a substantial deformation during muscle 
contraction. Therefore, considering tendons non-elastic is a rather fair 
approximation. 
Higher forces at the L5-S1 joint than those experienced in practice 
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should be expected when disregarding the pressurization of the diaphragm. 
Build up of pressure in the abdominal area is typically experienced with 
intensive muscular efforts of short duration. This phenomenon does not apply 
to muscular contraction of relatively large duration experienced during vehicle 
rides.  
             
MODEL FORMULATION 
The human body in a seated posture is represented by a two degrees of 
freedom linkage system in both the sagittal and coronal plane.  Figures 48 and 
49 show the two-dimensional models in the sagittal (x-z) and coronal (y-z) 
plane respectively. They are both composed of two rigid segments 
representing a specific part of the human upper-body (pelvis and thorax-neck-
head-arms). The upper-body is linked to the pelvis with a revolute joint at the 
L5-S1 location and a translational joint resembling the axial compliance of the 
lumbar spine. The upper-body is characterized by its mass, center of mass and 
moments of inertia. Muscles connect the upper extremities of the thorax to the 
pelvis: erector spinae and rectus abdominis in the sagittal plane, lateral 
muscles in the coronal plane. The lumbar spine is characterized by its axial 
stiffness. Motion (linear and angular) is applied to the pelvis through the 
buttocks. Because the motion is induced at the pelvis, the inertial properties, 
mass and center of mass location of the pelvis are not of interest. 
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Figure 48     Two degree-of-freedom model in sagittal plane. 
 
 
Figure 49     Two degree-of-freedom model in coronal plane. 
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Center of Mass of Upper-Body 
 The location of the center of mass of the total system, composed of 
trunk, neck, head and two arms, is computed by determining the average 
length, average mass and the position of the center of mass of each body 
segment. Segment lengths and masses, expressed as percentage of body 
height and total body mass, are available in the scientific literature, along with 
the location of the center of mass of each segment, expressed as a percentage 
of the segment length from either the distal or the proximal end.22, 96 Appendix 
1 shows the details of the determination of the location of the center of mass of 
the upper-body. 
 It is interesting to note that in the fore-aft (sagittal) plane the calculated 
horizontal distance of 14 millimeters, between the center of the fifth 
intervertebral disc and the vertical line passing through the center of mass of 
the upper-body, falls within the range of 3-20 millimeters estimated by 
Robertson and Griffin.79 Their calculations were made by extrapolating muscle 
force from EMG signals collected on living subjects, while sitting with the trunk 
erect. Seidel et al.86 and Hinz et al.39 use slightly higher values (100-150 and 
110-150 millimeters respectively). Seidel et al. did not describe how this 
distance was estimated, while Hinz et al. determined the anatomical location of 
the center of mass of the trunk from literature data. In both cases it appears 
that the subjects were seated with the trunk leaning forward significantly. Our 
calculated value is indicative of a more upright posture of the trunk, which 
requires a moderate activity of the erector spinae muscles to maintain the 
   
  94   
position of equilibrium. In some instances, such as riding while leaning against 
a backseat, the center of mass of the trunk may be located dorsal to the lumbar 
spine. This variability in posture affects the muscle activity needed to maintain 
stability and consequently may result in large variations of the forces acting on 
the spine. Sandover84 used a value of 55 millimeters in its model to calculate 
spinal loads during whole-body vibration. This value was estimated from the 
transverse sections of Eccleshymer and Shoemaker.27    
 
Moments of Inertia of Upper-Body 
 The moments of inertia of the upper-body are determined by first 
calculating the moments of inertia of the various body segments, then by 
applying the parallel-axis theorem to reduce these moments about the center 
of mass of the upper-body. Radii of gyration are presented in tabular form in a 
large collection of anthropometric data put together by NASA.65 Details of the 
calculation are provided in Appendix 2. 
It is worth noting that the coordinate system used in our models is the 
basicentric coordinate system specified by ISO 2631/145 for mechanical 
vibrations influencing humans and it is shown in Figure 50. These axes are 
commonly referred as "anatomical" axes in biodynamics, because they relate 
to the human skeleton in a standard anatomical position. In our case, the x-axis 
has the direction back-to-chest, the y-axis right-to-left side and the z-axis 
buttocks-to-head. The moments of inertia about the "anatomical" axes do not 
coincide with the moments of inertia about the principal axes, because the  
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"anatomical" axes are a hypothetical construction and not inherent to the body 
as the principal axes of inertia. On the other hand, studies conducted by 
Chandler et al.17 confirm that the moments of inertia about the "anatomical" 
axes very closely approximate the principal moments of inertia about the 
principal axes of inertia, especially those about the x-axis and the y-axis. The 
z-axis has the poorest approximation, but it is not of interest in our simulation. 
Therefore for our purpose, "anatomical" axes and principal axes can be 
considered coincident. 
 
 
Figure 50     Basicentric coordinate system for mechanical vibrations influencing humans (from 
ISO 2631-1, 1997). 
 
 
Compliance of Lumbar Spine 
 Payne70 extrapolates the total stiffness of the spine from L5 to T4, 
where the weight of the upper-thorax lies on, for a male subject of 27.9 years of 
   
  96   
age. His determination of an average axial stiffness of 4.79x103 lb/ft (69.9x103 
N/m) follows the computational method developed by Stech and Payne89, 
which is based upon Yorra's96 experimental measurement of the load-
deflection curve of a single L4 vertebra.  
As mentioned before, the viscous damping in tension-compression is 
highly sub-critical and consequently has little influence on the natural frequency 
of oscillation of the spine. Therefore the dampening may be neglected. The 
same conclusion applies for lateral bending and flexion-extension, where again 
the viscous damping is only a small fraction of the critical damping. 
 
Muscle Architecture and Activation 
Muscles of the back are composed of numerous fascicles, but there is 
no reason in this contest to subdivide them in any detail, because the muscles 
usually work together in rather large groups. Keeping this in mind, our effort is 
to determine the group of muscles responsible for controlling the flexion-
extension in the sagittal plane and the lateral flexion in the coronal plane.  
Jenkins48 cites the erector spinae muscles as a strong extensor, while 
the anterolateral abdominal muscles (rectus abdominis) are mentioned as the 
chief flexor of the trunk. Lateral flexion is carried out primarily by the internal 
and external oblique acting together and the quadratus lumborum. Figures 8 
and 7 in chapter "Anatomy of Human Spine" and Figure 5111 depict these 
groups of global muscles. 
The psoas major and latissimus dorsi are not included in our models 
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because the main role of the psoas major is to flex the thigh, while the 
latissimus dorsi controls the extension, adduction and medial rotation of the 
arm.48, 7 
The transversus abdominis is not included either, because its action is 
to compress the abdominal cavity.48 
Muscle physiological cross-sectional area (PCA) and the distance of the 
centroid of the muscle from the vertical line passing through the center of the 
intervertebral disc L5-S1 were obtained from the scientific literature34, 37 for 
each group of muscles. Tables 2 and 3 summarize these results for the sagittal 
and coronal plane. 
 
 
 
Figure 51     Cross section of human trunk through the lumbar region (from Broberg, 1981). 
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Table 2     Geometrical characteristics of global muscles in sagittal plane. 
Muscle Group Action PCA (cm2) Distance from center of L5-S1 (cm) 
Erector spinae Backward extension 45.1 5 
Rectus abdominis Forward flexion 15.8 12.5 
 
 
Table 3     Geometrical characteristics of global muscles in coronal plane. 
Muscle Group Action PCA (cm2) Distance from center of L5-S1 (cm) 
Right lateral 
(internal + external oblique) Right flexion 17.5 14 
Left lateral 
(internal + external oblique) Left flexion  17.5 14 
 
 
Given the rather small PCA and distance from the L5-S1 joint of the 
quadratus lumborum compared to the internal and external oblique, its 
stabilizing action in the coronal plane may be ignored. 
Our two-dimensional models include the erector spinae and rectus 
abdominis muscles in the sagittal plane and the internal and external oblique in 
the coronal plane. All of these muscles are represented with origin at the pelvis 
and insertion at the thoracic cage. Their length is computed from a linked-
segment model utilizing body segment lengths expressed as a proportion of 
body height.22 
Muscle activation features the same characteristics previously described 
in the response of the two-dimensional inverted pendulum model to impacts in 
the horizontal and vertical direction: muscles are active only when tensed, 
muscles are pre-contracted in anticipation of an impact and contracted muscles 
exhibit a short range stiffness.  
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Two additional aspects are incorporated in the muscle response 
description to account for the presence of spinal compliance.  
The first aspect is the presence of an initial axial pre-load on the spine to 
equilibrate the forces exerted by the pre-contracted muscles and the force of 
gravity acting on the upper-body, in the erect position of static equilibrium. 
Without this initial pre-load, the spine would collapse and the upper-body would 
find a different position of static equilibrium. Both approaches are acceptable, 
but the presence of an initial load on the spine allows maintaining the same 
vertical position of static equilibrium, independently of the tension exerted by 
the muscles. 
The second aspect is the insensitivity of the initial muscle contraction to 
the deformation of the spine. Figures 52 and 53 show the effect of a positive 
(z+ direction) vertical acceleration on the spine: as the spine compresses, as a 
result of the motion imposed to the pelvis, both muscles in the sagittal plane 
(erector spinae and rectus abdominis) shorten and their initial pre-tension 
collapses. This behavior does not resemble the typical response to sudden 
impact: the initial muscular contraction is insensitive to the axial deformation of 
the spinal column. The muscular action implemented in the models is 
independent of the angle of oscillation of the spine for angles of oscillation less 
than 1 degree and it gradually transitions to the curve depicted in Figure 38. 
This muscle response description provides a negligible collapse of the muscles 
upon the initial impact and a smooth response of the muscle intervention. 
Figure 54 exemplifies such a behavior. 
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Figure 52     Collapse of muscle tension as a result of an impact in the vertical direction. 
— - — - : compressive force on L5-S1; ———— : tension exerted by erector spinae (positive 
tension has negative sign); – – – – – : tension exerted by rectus abdominis (positive tension 
has negative sign).  
 
 
Figure 53     Axial deformation of lumbar spine as a result of an impact in the vertical direction. 
———— : 1 g vertical impact; – – – – –: axial deformation of lumbar spine.   
 
   
  101   
 
Figure 54     Insensitivity of initial muscle pre-tension to a sudden impact in the vertical 
direction. ———— : oscillation of upper-body in sagittal plane; – – – – –: 1 g vertical impact;  
- - - - - - : tension exerted by erector spinae (positive tension has negative sign);  
— - — - : tension exerted by rectus abdominis (positive tension has negative sign).  
    
 
ACCELERATION TIME HISTORIES OF VEHICLE RIDES 
Linear acceleration traces from the M917A1 dump truck in unloaded 
configuration, while driven at a constant speed of 5 miles per hour over the 
radial washboard course at the Aberdeen Proving Ground, are used for the 
stability analysis of our two models. The time acceleration histories in the 
vertical (z), transversal (y) and longitudinal (x) direction at the driver seat are 
shown in Figures 21, 22 and 23 in chapter "Research Design and Methods". 
 Even though it is not possible to completely characterize such a 
complex motion signature and consequently to compare it with harmonic 
motions or synthesized impacts, some features of the kinematic profile, such 
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as peak value, frequency spectrum content and root-mean-square (RMS), will 
help assess its severity. This ride contains the largest magnitude of 
acceleration measured while the vehicle was operated over various test 
courses: 6.92 gravitational accelerations (g's) in the vertical direction. 
Extremely high crest factors are present in both the vertical and longitudinal 
direction: 27.0 and 14.9 respectively. Even though the maximum acceleration 
in the transversal direction does not exceed 1.5 g's, the RMS value of 2.5 m/s2, 
equal to that in the vertical direction, it is indicative of a very rough ride. The 
frequency content of these acceleration histories is concentrated mainly 
between 1 and 2 Hz; the longitudinal trace also shows another cluster around 3 
Hz. These values are slightly lower than those typically collected under test 
track conditions; the relatively low vehicle speed of 5 miles per hour, necessary 
to safely negotiate the radial washboard course, is most likely the reason. 
Figures 55, 56, and 57 show the plots of the power spectral density (PSD) of 
the chosen acceleration histories. 
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Figure 55     Power spectral density of the acceleration trace in the vertical direction for the 
M917A1 dump truck in unloaded configuration driven at 5 MPH over radial washboard. 
 
 
Figure 56     Power spectral density of the acceleration trace in the transversal direction for the 
M917A1 dump truck in unloaded configuration driven at 5 MPH over radial washboard. 
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Figure 57     Power spectral density of the acceleration trace in the longitudinal direction for the 
M917A1 dump truck in unloaded configuration driven at 5 MPH over radial washboard. 
 
      
RESPONSE TO LINEAR ACCELERATIONS FROM VEHICLE RIDES 
The kinematic profiles described in the previous paragraph are applied 
to both models, to assess the amount of muscle pre-contraction needed to 
maintain stability of the upper-body throughout the entire length of the ride.  
The body is considered stable if the oscillation of the body does not 
grow with time under the perturbing motion. The degree of stability is also 
judged by the capability of the muscles to return the trunk to the initial position 
of static equilibrium (trunk fully erect). 
The amount of muscular pre-contraction is still defined as percentage of 
maximum voluntary contraction (MVC), being the MVC calculated as in 
paragraph "Stability of Posture to Horizontal and Vertical Shocks". The muscle 
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physiological cross-sectional areas are listed in Tables 2 and 3.  
The response to the vertical acceleration trace is very similar in both 
planes, for a given amount of voluntary contraction. A relatively small amount 
of initial pre-contraction is sufficient to control the sway of the upper-body. A 
maximum oscillation of about 6 degrees from the vertical position of equilibrium 
is experienced in the fore-aft plane with 30% of MVC (Figure 58). Being the 
model in the transversal plane symmetric to the vertical axis and consequently 
insensitive to vertical perturbations, an initial angular displacement is imposed 
to assess its capability to return to the erect position. Figure 59 shows a fast 
recovery of the position of equilibrium with 30% of MVC. 
 
 
 
Figure 58     Stable oscillation of the upper-body in sagittal plane to vertical acceleration trace 
of M917A1 dump truck over radial washboard (30% MVC). ———— : oscillation of upper-body 
in sagittal plane; – – – – –: vertical acceleration trace.   
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Figure 59     Stable oscillation of the upper-body in coronal plane to vertical acceleration trace 
of M917A1 dump truck over radial washboard (30% MVC). ———— : oscillation of upper-body 
in coronal plane; – – – – –: vertical acceleration trace.   
 
 
The behavior changes considerably when the passenger experiences 
simultaneous perturbations in both linear directions, vertical and longitudinal in 
the sagittal plane and vertical and transversal in the coronal plane. When the 
amplitude in the x-direction starts intensifying, the sway of the upper-body 
becomes unstable in the fore-aft direction with an initial pre-contraction of 30% 
of MVC (Figure 60). By increasing co-contraction of the antagonist muscles, 
the passenger can retain a stable posture throughout the duration of the ride: 
Figures 61 and 62 display a significant reduction of upper-body oscillation as 
the muscle activity rises from 60 to 90 % of MVC. A similar behavior is noticed 
in the transversal plane, even though the body exhibits stability with 30% of 
MVC (Figures 63 and 64). 
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Figure 60     Unstable oscillation of the upper-body in sagittal plane to longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (30% MVC). 
———— : oscillation of upper-body in sagittal plane; – – – – –: vertical acceleration trace; 
- - - - - : longitudinal acceleration trace. 
 
 
Figure 61     Stable oscillation of the upper-body in sagittal plane to longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (60% MVC). 
———— : oscillation of upper-body in sagittal plane; – – – – –: vertical acceleration trace; 
- - - - - : longitudinal acceleration trace. 
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Figure 62     Stable oscillation of the upper-body in sagittal plane to longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (90% MVC). 
———— : oscillation of upper-body in sagittal plane; – – – – –: vertical acceleration trace; 
- - - - - : longitudinal acceleration trace. 
 
 
Figure 63     Stable oscillation of the upper-body in coronal plane to transversal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (30% MVC). 
———— : oscillation of upper-body in coronal plane; – – – – –: vertical acceleration trace; 
- - - - - : transversal acceleration trace. 
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Figure 64     Stable oscillation of the upper-body in coronal plane to transversal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (60% MVC). 
———— : oscillation of upper-body in coronal plane; – – – – –: vertical acceleration trace; 
- - - - - : transversal acceleration trace. 
 
Figure 65     Response of the upper-body to linear acceleration traces in sagittal (xz-dir.) and 
coronal (yz-dir.) plane. 
 
 
The graph in Figure 65 summarizes the simulation results obtained in 
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both planes  by increasing the muscle pre-contraction in finite increments. 
Interesting to note is the "flailing" tendency in the lateral (side-to-side) direction 
around 50% of MVC. This phenomenon, which will be discussed later, is most 
likely due to resonance effects induced by the transversal kinematic profile. 
 
RESPONSE TO ANGULAR ACCELERATIONS FROM VEHICLE RIDES 
Rotational acceleration data are scarce because ISO 263145 only 
requires the measurements of rectilinear vibrations on the supporting seat and 
it does not provide a standard method for reporting the rotational vibrations. 
However, ISO 2631 recognizes than in some vibration environments, such a 
tractor over rough terrain, the pitching and rolling motions of the seat may be 
more disturbing than the rectilinear vibrations. 
 Angular acceleration traces (pitch in the sagittal plane and roll in the 
coronal plane) are obtained from the linear acceleration traces of the same ride 
previously utilized, by knowing some of the geometrical dimensions of the 
vehicle. The computational method is detailed in Appendix 3. 
At first, the models are subjected to rotational acceleration only, then the 
angular excitation is added to the linear vibrations already present.  
As previously seen with vertical excitations, little voluntary contraction is 
needed to maintain a stable posture when only pitching motion (xz-plane) and 
rolling motion (yz-plane) are present. Figures 66 and 67 show the oscillation of 
the upper-body in the sagittal and coronal plane due to the angular excitation, 
when the initial pre-contraction is 30% of MVC. The more pronounced sway of 
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the upper-body in the sagittal plane, compared to the case with only vertical 
excitation, is confirmed by a 100% increase of the RMS of the angle of 
oscillation (from 1.52° to 3.01°). It is also evident in both graphs that the body 
does not sway about the position of vertical equilibrium throughout the entire 
ride: the tilting of the seat induced by rotational motion is responsible for this 
behavior. The body seems to be more stable in the transversal plane, at least 
up to the angular spike corresponding to the 6 g's bump in the vertical 
direction: RMS of oscillation is 0.79° during the first 42 seconds of the ride, 
versus 2.95° in the fore-aft plane.  
 
 
Figure 66     Stable oscillation of the upper-body in sagittal plane to angular acceleration trace 
(pitching motion) of M917A1 dump truck over radial washboard (30% MVC). ———— : 
oscillation of upper-body in sagittal plane; – – – – –: angular acceleration trace.   
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Figure 67     Stable oscillation of the upper-body in coronal plane to angular acceleration trace 
(rolling motion) of M917A1 dump truck over radial washboard (30% MVC). ———— : 
oscillation of upper-body in coronal plane; – – – – –: angular acceleration trace.   
 
In most cases the addition of angular acceleration to the linear vibrations 
induces a slightly higher oscillation than that experienced with translational 
excitations only. However, in some instances, a noticeable increase is evident 
after the 6 g's vertical spike (around 42 seconds of test time). Figure 68 (xz-
plane, 90% of MVC) and Figure 69 (yz-plane, 60% of MVC) detail this 
behavior. A comparison of Figure 68 with Figure 62 (xz-plane, 90% of MVC), 
where only linear accelerations are present, indicates a modest increase of 
RMS from 1.94° to 2.08° throughout the entire length of the ride and a more 
pronounced increase from 3.33° to 4.34° between 42 and 50 seconds of test 
time.  
Stiffening of the trunk, by increasing initial muscular pre-tension,  
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Figure 68     Stable oscillation of the upper-body in sagittal plane to longitudinal, vertical and 
angular acceleration traces of M917A1 dump truck over radial washboard (90% MVC). 
———— : oscillation of upper-body in sagittal plane; – – – – –: vertical acceleration trace; 
- - - - - : longitudinal acceleration trace; — - — - : angular acceleration trace. 
 
 
Figure 69     Stable oscillation of the upper-body in coronal plane to transversal, vertical and 
angular acceleration traces of M917A1 dump truck over radial washboard (60% MVC). 
———— : oscillation of upper-body in coronal plane; – – – – –: vertical acceleration trace; 
- - - - - : transversal acceleration trace. 
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Figure 70     Response of upper-body in sagittal plane to vehicle ride traces with and without 
presence of angular acceleration (xz-dir.: linear traces: xzp-dir.: linear + angular traces). 
 
Figure 71     Response of upper-body in coronal plane to vehicle ride traces with and without  
presence of angular acceleration (yz-dir.: linear traces: yzr-dir.: linear + angular traces). 
 
 
reduces the amount of sway, thus making the upper-body more prone to  
withstand kinematic perturbations. The graphs of Figures 70 and 71 summarize 
the simulation results with and without the presence of angular acceleration for 
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each plane of interest. As previously mentioned, the "flailing" tendency around 
50% of MVC in the coronal plane could be induced by the frequency content of 
the transversal acceleration trace. 
 
LOAD ON LUMBAR SPINE 
The maximum compressive load seen by the lumbar spine during the 
course of the ride is a function of the initial pre-tension of the muscles of the 
trunk and the impulsive content of the kinematic profiles. In our particular case 
a very strong impulsive motion occurs at about 42 seconds of test time and it is 
clearly distinguishable in the spinal load trace, especially for elevated tonic 
activity. As the muscular pre-tension increases, the sway of the trunk remains 
closer to the vertical position of equilibrium, thus minimizing the elastic force 
due to the stretching of the muscles ("short range stiffness"). The peak 
compressive load at the moment of the vertical shock is evident in Figure 72 
(xz-plane, 90% of MVC); by converse, the load peaks after the vertical impulse, 
with a lower initial pre-contraction of 60% of MVC (Figure 73). A similar trend is 
observed in the transversal plane, with the exception of the range of muscular 
pre-tension where resonance effects and consequent elevated oscillations are 
experienced. 
Figures 74 and 75 show the maximum spinal load obtained during the 
vehicle ride and the initial static load necessary to equilibrate the mass of the 
upper-body and the initial co-contraction of the antagonist muscles. An average 
increase of 40-50% is observable in the fore-aft plane, while a more significant  
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Figure 72     Compressive load at L5-S1 with 90% MVC and longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard. ———— : tension of erector 
spinae; – – – – –: tension of rectus abdominis; - - - - - : compressive load at L5-S1. 
 
 
Figure 73     Compressive load at L5-S1 with 60% MVC and longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard. ———— : tension of erector 
spinae; – – – – –: tension of rectus abdominis; - - - - - : compressive load at L5-S1. 
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Figure 74     Maximum spinal compressive load vs. voluntary contraction in sagittal plane with 
linear accelerations (xz-dir.) and linear and angular accelerations (xzp-dir.). 
 
Figure 75     Maximum spinal compressive load vs. voluntary contraction in coronal plane with  
linear accelerations (yz-dir.) and linear and angular accelerations (yzr-dir.). 
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increase of up to 300% is noticeable in the transversal plane. Worth noting is  
that in both planes the maximum compressive load does not exceed the mean 
static compressive strength of 5,800 N of a typical lumbar segment.  
 
DISCUSSION 
The response of the seated passenger to kinematic excitations typical of 
off-road riding conditions confirms the results obtained with synthesized 
shocks: higher co-contraction stiffens the upper-trunk, thus making it more 
stable. The more elevated muscular activity also increases the compressive 
load on the lumbar spine. 
Lateral acceleration demands a substantially higher level of co-
contraction of antagonist muscles in order to maintain a stable posture. This 
does not come as a surprise, given the rather large distance of the center of 
mass of the upper-body from the buttocks, where lateral motion is applied, and 
the small lever arm of the muscles in both sagittal and coronal plane. High 
sensitivity to fore-aft vibrations was also noticed in the response to simulated 
impacts. 
Angular acceleration induces a more pronounced sway of the upper 
body compared to the corresponding vertical vibration; on the other hand, the 
spine does not sustain the high impact typically seen with vertical impulses. 
The upper-body appears to be more stable in the transversal than in the 
longitudinal plane. Aside from the area around 50% of MVC, Figure 65 clearly 
indicates a more contained sway in the coronal plane for a given level of 
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voluntary contraction. A reasonable explanation could be the higher lever arm 
of the internal and external oblique: the line of action of the erector spinae and 
the rectus abdominis is much closer to the lumbar spine, therefore making the 
stabilizing moment induced by the muscular action less effective. 
The unexpected behavior of the model in the yz-plane for a certain 
amount of voluntary contraction deserves further explanations. A couple of 
observations can help explain this phenomenon.  
First, Figure 76 (y and z traces, 50% of MVC) shows a large and 
sustained body sway after passing the 6 g's vertical impulse. A fast-Fourier 
transform (FFT) of the lateral acceleration trace and the oscillation of the 
upper-body, between 42-48 seconds of test time, clearly pinpoints to a possible 
resonance between the two parameters (Figures 77 and 78). The peak 
frequency of the body sway (1.07 Hz) is fairly distinct, most likely because of 
the symmetry of lateral muscle and upper body's center of mass, and very 
close to the highest peak of the y-trace (1.34 Hz). On the contrary, both the 
sway in the fore-aft plane and the x-trace contain several peaks, none of them 
sharply separated from the rest (Figures 79 and 80), thus making resonance 
effects very unlikely to take place. A more in-depth analysis of the frequency 
response of the model in the coronal plane, when subjected to transversal 
harmonic oscillations, highlights the high non-linearity of this system. The 
frequency of oscillation of the body depends upon the amount of initial pre-
contraction and the amplitude of the forcing function, which directly affects the 
magnitude of sway: the natural frequency of oscillation decreases with 
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increasing angular displacement. With a forcing function of 1 g amplitude and 
1.34 Hz of frequency (same as predominant frequency of y-trace between 42 
and 50 seconds of test time), resonant effects are evident around 50-60% of 
MVC. As the transversal acceleration increases from 1 to 1.25 g's, the 
resonance effect shifts to higher values of voluntary contraction because of the 
subsequent higher sway. Figure 81 summarizes these findings. 
 
 
Figure 76     Sway of upper-body in coronal plane to transversal and vertical acceleration 
traces of M917A1 dump truck over radial washboard (50% MVC).  
 
   
  121   
 
Figure 77     Fast-Fourier transform of sway of upper-body in coronal plane to transversal and 
vertical acceleration traces of M917A1 dump truck over radial washboard (50% MVC).  
 
 
Figure 78     Fast-Fourier transform of transversal acceleration traces of M917A1 dump truck 
over radial washboard.  
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Figure 79     Fast-Fourier transform of sway of upper-body in sagittal plane to longitudinal and 
vertical acceleration traces of M917A1 dump truck over radial washboard (60% MVC).  
 
 
Figure 80    Fast-Fourier transform of longitudinal acceleration traces of M917A1 dump truck 
over radial washboard.  
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Figure 81     Natural frequency of oscillation of upper-body in coronal plane to harmonic 
oscillations of 1.34 Hz in transversal direction.  
 
 
Second, the extremely high impulsiveness of the transversal 
acceleration trace makes postural control very difficult to achieve. The RMS of 
the kinematic profile jumps from 2.54 m/s2 for the entire ride to 4.61 m/s2 
between 42 and 50 seconds, with an increase of 81%. The roughness of the 
last 8 minutes of the ride is confirmed by the increase of RMS in both vertical 
(from 2.53 m/s2 to 2.75 m/s2-9% increase) and longitudinal direction (from 1.60 
m/s2 to 2.14 m/s2-34% increase). The test findings released by the US Army 
Aberdeen Test Center confirm that the transverse axis of the driver's seat over 
the radial washboard course at 5 miles per hour in unloaded configuration has 
the shortest exposure limit, as determined per ISO 263145, of all test courses. 
In addition, the absorbed power at the seat observed during this ride was, by 
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far, the highest, with a value of 34.67 watts. Typically, humans do not subject 
themselves to absorbed power levels in excess of 6-10 watts for extended 
periods; 10 to 15 watts can be tolerated for short periods of time. Based on 
these data, the M917A1 dump trunk at curb weight is judged unable to safely 
negotiate the radial washboard test course at any speed. 
Even though the load on the lumbar spine does not reach its mean static 
compressive strength during any of the rides previously analyzed, it is 
important to emphasize that we are well above the critical threshold of 30% of 
static strength where material fatigue effects start taking place. In addition, the 
impulsiveness of the ride induces load fluctuations in the lumbar spine and 
generates a high number of peaks above the critical threshold; prediction of 
fatigue damage is based upon this number of events, according to the 
traditional approach of Miner62 for metal fatigue.      
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INTRODUCTION 
 
A complete validation of our model is not possible because of the lack of 
data currently available regarding the human response to mechanical impacts 
and the practical difficulties associated with an experimental investigation. The 
large majority of information covers either steady-state harmonic vibrations of 
low amplitude or single events of high magnitude, such as those experienced 
during pilot ejection. On the other hand, in-vivo direct measurement of the 
internal forces generated by the trunk muscles and of the compressive load 
acting on the intervertebral joints requires severely invasive experimental 
techniques, which pose serious ethical concerns. The need for well 
documented experimental and field data, along with reliable epidemiological 
investigations, remains vital to assess the validity of any model of the human 
spine that predicts muscle and other tissue forces.  
Given these limitations, our validation is only partial and it is carried 
through a combination of methods. Electromyographic (EMG) and 
accelerometric experimental data are utilized to compare musculature behavior 
and motion of the upper-body in the sagittal and coronal plane. Spinal loads 
obtained in-vivo and in-vitro and available from the scientific literature are 
compared with those generated by our model, when subjected to the same 
kinematic perturbation. Trends and observations listed by some investigators 
can also add confidence to our findings. 
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COMPARISON WITH ACCELEROMETRIC AND ELECTROMYOGRAPHIC 
EXPERIMENTAL STUDIES 
 
The pattern of muscle response to an impact is evident in the EMG 
signal collected on human subjects by British Columbia Research using a 
multi-axis ride simulator.91 Figure 82 depicts the response of both right and left 
lumbar muscles to a positive (right-to-left) 1 g impulsive acceleration of 6 Hz in 
the y-axis. Evident on both muscles is the muscular activity preceding the 
impact: co-contraction of antagonist muscles in anticipation of the incoming 
impact helps preserve the seated posture. Following the shock, a reciprocal 
activity of antagonist muscles takes place. A pattern of silent periods and 
bursts is present in both muscles and it reflects the reciprocal stretching and 
shortening of right and left lumbar muscles. The side-to-side motion induces 
lateral oscillations of the trunk with consequent symmetrical response of the 
lateral muscles. The positive y-axis acceleration (right-to-left) flexes the trunk to 
the right: a left lumbar burst provides the compensatory response to restore the 
initial erect position, while a silent period of the right lumbar muscles minimizes 
opposition to the action of the left lumbar muscles. As the upper-body regains 
its upright position and sways to the left, the pattern of muscle activity reverses 
itself: the left lumbar muscles shorten and become silent, while the right lumbar 
muscles stretch and contract. This pattern of reciprocal activity continues until 
the neutral posture has been restored. Figure 83 shows the response of our 
model to the same impact previously analyzed. The anticipatory muscle activity 
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Figure 82     Response of left (LL) and right (RL) lumbar muscles to an impact acceleration of 
6 Hz frequency and 1 g amplitude in positive y-direction (from Village et al., 1995). 
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Figure 83     Response of left (- - - - - -) and right (– – – – –) lumbar muscles to an impact 
acceleration of 6 Hz frequency and 1 g amplitude in positive y-direction (————).  
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and the pattern of burst and silent periods are very well reproduced.  
The magnitude of muscle activity prior to the impact is lower than that 
following the impact, as evident in the EMG graph. Further, the amount of 
muscle activity decreases as the motion following the impact progresses and 
the body regains control of its upright posture (Figure 82). Even though the 
relationship between EMG signal and muscular force is not clear and 
controversial87, especially for dynamic conditions, a similar pattern of muscle 
activity is shown in the response of our model (Figure 83). 
Two typical measures of the dynamic response of the human body are 
the apparent mass and the transmissibility. Apparent mass is the ratio between 
the driving force of a system at a particular frequency and the correspondent 
acceleration at that frequency. Transmissibility is the ratio of acceleration 
response at two specific locations. 
Apparent mass has extensively been used in the past because it can be 
easily obtained from the signals provided by accelerometers and load cells. 
Furthermore, it gives a good representation of the resonances associated with 
the system in the direction of interest. At very low frequency, the human body 
can be considered rigid and the apparent mass of the body equals its mass. 
Resonances start appearing at higher frequencies and, as a consequence, the 
apparent mass increases. At very high frequency, the parts of the body farther 
away from the driving point become less coupled and the force is mainly 
affected by the nearby mass: the apparent mass rapidly falls.  
Bearing in mind that our models are designed with the intent to 
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understand how the muscle of the trunk can maintain postural control of the 
upper-body under kinematic perturbations, and not to study resonances in 
linear directions, where a system of dash-pots, springs and masses could be 
more appropriate, some agreement is found with experimental investigations of 
apparent mass. Figure 84 show the apparent mass in the vertical direction of 
four seated subjects vibrated at 2.0 m/s2 RMS 29; Figure 85 summarize the 
results of the response of our model in the xz-plane, when lumbar muscles are 
contracted at 30% of MVC. The sharpness and location of the resonance are 
not the same as those obtained experimentally, but the behavior is similar: the 
apparent mass has a resonance at low frequencies, then it quickly falls and 
flattens out (past 10 Hz). The response in the x- and y-axis also resemble 
those obtained in laboratory.28  
 
 
Figure 84     Apparent mass in vertical direction of 4 seated subjects vibrated at 2.0 m/s2 RMS 
(from Fairley and Griffin, 1989). 
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Figure 85     Apparent mass in sagittal plane with co-contraction of 30% of MVC. 
 
 
Figure 86     Apparent mass in fore-aft, lateral and vertical direction of seated subjects without 
a backrest (from Fairley and Griffin, 1990). 
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Figure 87     Apparent mass in fore-aft (x), lateral (y) and vertical (z) direction with  
co-contraction of 30% of MVC. 2.0 m/s2 RMS in vertical direction; 0.5 m/s2 RMS in horizontal 
direction; "+2" impact. 
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Figure 88     Comparison of transmissibility of the upper-body between seat surface and thorax 
obtained experimentally (data from Cameron et al. 1996) and from the model in sagittal plane 
with 30% of MVC.   
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Figures 86 and 87 show the experimental findings and the response of our 
models respectively. Both lateral and longitudinal apparent masses have a 
steep decline in the low frequency range and flatten out past 4-5 Hz. 
Transmissibility of the whole body between the seat surface (input) and 
the thorax (output) is compared with data obtained from British Columbia 
Research14 for shocks of 1, 2 and 4 g's amplitude in the vertical direction. 
Figure 88 summarizes the experimental data and the response of our model in 
the xz-plane, when lumbar muscles are contracted at 30% of MVC. Our model 
does not show the non-linearity exhibited by the human subjects: the amplitude 
of our response is independent of shock magnitude. However, it shows a 
similar trend for lower amplitudes: magnification of transmission below 8 Hz, 
followed by isolation at higher frequencies (greater than 8 Hz). 
Sandover85 gathered data from several researchers on the estimates of 
load in the lumbar spine under impulsive events with amplitude of 20 m/s2 and 
frequency of 8 Hz. These data, along with the peak compressive force obtained 
for the same impact from our model in the xz-plane, are summarized in Table 
4.  
 
Table 4     Estimated load in the lumbar spine under vertical 
impulsive event of 20 m/s2 amplitude and 8 Hz frequency. 
Source Peak Compressive Load (N)
Guillon et al. 720 
Hinz et al. 3667 
Pope et al. 1080 ÷ 4330 
Robinson et al. 2500 
Seidel et al. 1400 
Model in sagittal plane (10% MVC) 1347 
Model in sagittal plane (30% MVC) 1906 
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The data obtained by Guillon et al. with cadavers give lower estimates because 
they neglect the effects of muscle activity. Our peak values of 1,347 N with 
10% MVC and 1,906 N with 30% MVC fall in the range obtained by the other 
investigators. 
Our model predicts the failure of the L5-S1 joint in response to a single 
impulse of 20 g's in the positive vertical direction. The compressive force at the 
joint reaches a peak of 9,343 N with an initial co-contraction of 60% of MVC, 
needed to maintain the erect posture throughout the motion. This result agrees 
with the vertebral damage experienced by pilots during ejection from their 
seat.49 The mean static strength of vertebral motion segments measured by 
Brinckmann et al.10 is 5,800 N with a standard deviation of 1,800 N. Even with 
the addition of a standard deviation to the mean compressive strength, the 
peak load would exceed the maximum allowable stress.  
As previously seen in the paragraph "Load on Lumbar Spine", the 
maximum compressive load does not exceed the mean static compressive 
strength of 5,800 N of a typical lumbar segment during the vehicle ride, in both 
sagittal and coronal plane. None of these rides resulted in spinal injuries to the 
vehicle occupants.   
The above mentioned comparisons and observations tend to support 
the validity of our biomechanical model for estimating the forces on the lumbar 
spine in response to mechanical impulses.  
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 INTRODUCTION 
 
The various stages of model development follow the progression 
outlined in Table 1. 
 
TWO-DIMENSIONAL INVERTED PENDULUM MODEL 
 
A two-dimensional one degree of freedom inverted pendulum 
representing the upper body of a seated passenger is shown in Figure 25. This 
model represents the gross anatomy in the sagittal plane. It is a lumped-
parameter model with the mass m of the upper body above the L5-S1 joint 
concentrated above the thorax; the inertial properties are not considered at this 
stage. The spinal column swivels about the fulcrum L5-S1 that represents the 
lumbar joint between the sacrum and the lower lumbar spine.  
The muscles acting on the lower spine, erector spinae (ES) and rectus 
abdominis (RA), are represented by springs of linear stiffness k with a moment 
arm a; they span from the pelvis DE to the lower thoracic cage AB. The 
modeling of muscles as passive spring active in both extension and 
compression is rather simplistic, but it reflects the common approach used in 
most of the models used for biodynamic analysis. A more realistic 
representation of muscle behavior will be described in the successive phases 
of model development.   
The parameter values employed in the model are as follows: 
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m = 40 kg; L = 0.35 m; H = 0.15 m; a = 0.05 m 
 
Table 1     Steps of model development. 
     STAGES OF MODEL DEVELOPMENT 
      
 1. Develop inverted pendulum model of lumbar spine in ADAMS environment 
 with the following attributes:   
  - sagittal plane (2D);     
  - single concentrated mass for upper torso-head; 
  - erector spinae and abdominal muscles represented by passive elements 
    (springs);    
  - hinge joint at L5-S1.    
      
 2. Analyze stability in static conditions and compare with analytical solution. 
      
 3. Obtain response characteristics when model is subjected to a sinusoidal   
 motion at L5-S1 in horizontal and vertical direction.  
      
 4. Compare results of dynamic simulation with analytical solution for different  
 model parameters (geometrical dimensions, stiffnesses, masses) and with  
 experimental data.    
      
 5. Evaluate behavior of system to impacts in terms of: 
  - stability of posture;    
  - sensitivity to muscles properties;  
  - magnitude of internal forces.   
      
 6. Increase model complexity by adding:  
  - inertial properties of upper torso-head;  
  - flexibility of lumbar spine;   
  - sagittal + frontal plane;   
  - active response of muscles.   
      
 7. Evaluate response of model to linear and angular accelerations in terms of: 
  - stability of posture;    
  - sensitivity to spinal stiffness and muscle response characteristics; 
  - determination of internal forces.  
      
 8. Apply kinematic profiles collected from military vehicles riding over  
 rough terrain.    
      
 9. Compare forces generated by muscles with experimental studies of  
 EMG and dynamic response published in scientific literature. 
 
 
The mass m of 40 kilograms represents 57% of the total body mass of an 
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average 70 kilogram man, while a is the distance of the line of action of the 
erector spinae muscles from the center of the intervertebral disc between L4 
and L5.   
  
 
Figure 25     Two-dimensional one-degree-of-freedom model of a seated passenger. 
 
These two parameters were employed by Robertson and Griffin79 in their 
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biomechanical model used to calculate disc compression forces. The value of 
H and L are derived from anthropometric data used in occupational 
biomechanics16 for a body stature of 1.70 meters. Although the assumption of 
symmetry of line of action of back and front muscles is not anatomically 
realistic and it will be dealt with later on, it does not effect the general behavior 
of the model.  
 
STABILITY OF EQUILIBRIUM IN STATIC CONDITION 
The stability of equilibrium is investigated by displacing the system from 
its position of static equilibrium and observing the subsequent response. The 
equilibrium is considered unstable if the response grows with time. Since this 
system does not possess damping, the time history of a stable oscillation 
response cannot decay with time nor reach the original position of equilibrium. 
The stability responses obtained by solving the equations of motion are 
compared with the simulation results of the computer model. The purpose of 
this comparison is to highlight the non-linearities associated with this model 
configuration and to quantify their extent and significance on model response.    
The minimum stiffness of the back and front muscles, called critical stiffness 
kcr, necessary to maintain the inverted pendulum stable and obtained 
analytically through methods of linearization is: 
(1)  kcr ≥ mg (L+H) / 2a2, 
being g the gravitational constant. In our particular case kcr equals 39,227 N/m.  
The natural frequency of oscillation f about the vertical position of equilibrium, 
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still obtained from analytical investigation after linearization and binomial 
expansion, is expressed as: 
(2)  f = (1/2π) [2a2k / m(L+H)2 – g / (L+H)]1/2 
Both the critical stiffness and natural frequency of oscillation are independent 
of muscle pretension (spring pre-load) and initial conditions. 
  
Discussion 
The simulation results show very good agreement with the analytical 
results for very small angles of initial perturbation (≤ 3°) from the vertical 
position of equilibrium, but significant differences as the initial angle of 
disturbance increases. The critical stiffness lies between 39,200 and 39,300 
N/m for angles less than 3°, but it progressively rises as the initial angle 
increases. The natural frequency of oscillation depends upon the amplitude of 
the initial angular displacement, although, contrary to the critical stiffness, it 
tends to decrease as the angle increases. The critical stiffness is not affected 
by the spring pre-load, as found in the analytical investigation. Figures 26, 27 
and 28 exemplify such a behavior. That the period of oscillation and critical 
stiffness depend on the initial perturbation does not come as a surprise: the 
frequency of free oscillations of undamped non-linear systems is well known to 
be a function of the amplitude of oscillation, which in turn is affected by the 
initial conditions. Particularly interesting is the fact that for a given muscular 
stiffness the system may be either stable or unstable depending upon the value 
of the initial disturbance, as indicated in Figure 29. 
   
  65   
 
Figure 26     Effect of muscular stiffness on stability of static equilibrium. - - - - : 41,200 N/m;  
— - — - : 41,300 N/m; ······ ·· ······ : 41,400 N/m; – – – – : 41,450 N/m; · · · · · · : 41,500 N/m. 
 
 
Figure 27     Effect of initial angle of perturbation on frequency of oscillation.———— : 36º 
angle; – – – – – : 15º angle. 
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Figure 28     Effect of spring preload on response. ———— : no preload; – – – – – : 500 N of 
preload; - - - - : 2,000 N of preload. 
 
 
Figure 29     Effect of amplitude of initial perturbation on stability of static equilibrium.  
———— : 7º angle; – – – – – : 17º angle. 
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From the analysis of stability in static conditions we can notice that 
“muscle stiffness”, although not yet explained and not yet tied to muscle 
properties, has an indisputable role in stabilizing the system. This concept will 
be further exploited and investigated in one of the next steps of model 
development. By converse the independence of frequency of response from 
muscle pre-load does not agree with experimental data25, which show that 
increased muscle contraction tends to stiffen the trunk and shifts the resonant 
frequencies of the torso.  
The discrepancies in response between the analytical solution obtained 
after linearization and the computer simulation will obviously become more 
relevant as the model is subjected to larger perturbations typical of rough 
vehicle rides.   
 
RESPONSE TO HORIZONTAL AND VERTICAL HARMONIC OSCILLATIONS 
The model previously developed is used to study the response to single 
harmonic excitations in the horizontal (fore-aft) and vertical direction. The 
forcing motion is transmitted through the pelvis, on which the erector spinae 
and rectus abdominis muscles are attached. A comparison with the outcome of 
field experiments performed on human subjects is then carried out to pinpoint 
some of the limitations of this model. 
 
Response to Motion in Fore-Aft Direction 
When the inverted pendulum model is subjected to sinusoidal lateral 
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vibration in the fore-aft direction (x-axis in the sagittal plan), it exhibits a 
periodic motion about the vertical position of equilibrium. This periodic motion 
can be decompose in two harmonic terms: one characterized by the natural 
frequency of oscillation of the system, the second by the frequency of the 
forcing sinusoidal motion. Figures 30 and 31 show the periodic motion of the 
spinal column and its frequency decomposition: the sinusoidal forcing motion 
has a frequency of 4 Hz, while the natural frequency of the system is about 0.7 
Hz. 
The system is stable when the muscular stiffness is greater than the 
critical stiffness kcr  calculated as in (1) and the frequency of the forcing motion 
does not coincide with the natural frequency of oscillation. The frequency 
spectrum (Figure 32) of the angular displacement of the spinal column (Figure 
33) shows a single frequency only due to resonance; the system response 
grows unstable, even though the muscular stiffness is well above the critical 
stiffness.  
As previously found, the non-linearities of this model structure explain 
the small differences between the frequency of natural oscillation calculated 
analytically with (2) and that obtained by simulation. As expected, this 
difference becomes insignificant for very small angle of oscillations (≤ 3°).       
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Figure 30     Angular displacement of spinal column about vertical position of equilibrium.  
Sinusoidal horizontal motion at the pelvis of 4 Hz frequency and 6.31 m/s**2 maximum 
acceleration. 
 
 
Figure 31     Frequency spectrum of angular displacement vs. time plot of Figure 30. Peaks at 
1Hz (resonant frequency) and 4 Hz (frequency of forcing motion). 
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Figure 32     Frequency spectrum of angular displacement vs. time plot of Figure 33. Resonant 
frequency and frequency of forcing motion are both 1 Hz. 
 
 
Figure 33     Angular displacement of spinal column about vertical position of equilibrium. 
Sinusoidal horizontal motion at the pelvis of 1 Hz frequency and 0.39 m/s**2  maximum 
acceleration. 
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Response to Motion in Vertical Direction 
The model is insensitive to forced motion in the vertical direction (z-axis 
in the sagittal plan) because of its symmetry to the yz plane. When given an 
initial displacement from its position of vertical equilibrium, the spinal column 
oscillates in response to vertical harmonic oscillations, but it behaves quite 
differently from what we saw with horizontal forced motion. Frequency and 
amplitude of oscillations are independent of the vertical excitation, but are a 
function of the geometrical characteristics of the model, the muscular stiffness 
and the initial angular displacement. Its response resembles the one seen in 
the investigation of stability in static conditions.  
The stability behavior to vertical motion can be assessed with the 
stability chart of the Mathieu equation shown in Figure 34.90 In fact the equation 
of motion for harmonic excitations in the vertical direction and for small 
oscillations about the position of equilibrium can be reduced to a Mathieu 
equation of the form: 
(3)  d2θ /dτ2 + (δ + ε cos τ) θ = 0, 
where: θ  is the angle of the spine from the vertical position, δ = (ω /ω0)2 ,  
ω =[2a2k / m(L+H)2 – g /(L+H)]1/2 is the natural angular velocity, ω0  the angular 
velocity of the forcing excitation, ε = A / (L+H) and A the amplitude of the 
forcing excitation. 
This equation is linear with coefficients varying periodically with time. The 
stability of motion depends on the relative values of δ and ε. For the typical 
oscillations experienced in practice the ratios A / (L+H) and (ω /ω0)2 are fairly 
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small, therefore the system is relatively stable.  
 
 
Figure 34     Regions of stability (hatched areas) in the (ε, δ) plane for the Mathieu equation 
without damping (from Stoker, 1950). 
 
 
Comparison with Experimental Data 
The results of the EMG studies of Robertson and Griffin79 on seated 
subjects on an electrohydraulic vibrator exposed to sinusoidal vibrations of 
different frequency and magnitude provide clear evidence of phasic muscle 
activity at each frequency in all linear directions. More specifically, the 
response of rectus abdominis muscles consists of burst of EMG activity of 
similar amplitude to that recorded from the erector spinae muscles, occurring 
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180 degrees out of phase to the lumbar response.  
The muscular force exerted through the springs in the model oscillates 
at the same frequency of the spinal column. We saw that the response in the 
fore-aft direction is composed of the superposition of two harmonic oscillations, 
one of them being the free mode of vibration of the system. With the presence 
of some damping, which we did not include in the model, the term related to 
the natural mode of oscillation will vanish over time. The steady-state response 
is then harmonic with the same frequency of the forcing motion and the muscle 
forces become synchronous with the sinusoidal input in the horizontal direction. 
The frequency spectrum of the response in Figure 35 shows that the frequency 
of the exciting motion coincides with the oscillation of the spine, after the 
transient motion has decayed (Figure 36). This behavior is not present in the 
vertical direction because the oscillation of the spine can be considered 
independent of the forcing excitation for practical purposes.  
When humans are exposed to horizontal vibrations of the same 
magnitude, the maximum amplitude of muscular response is evoked when the 
input frequency is around 1 Hz. The model exhibits the maximum oscillation in 
the fore-aft direction at resonance, which, as seen in (2), depends upon the 
value of the “muscle stiffness”. 
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Figure 35     Angular displacement of spinal column about vertical position of equilibrium. 
Linear damping of 2,500 Ns/m; sinusoidal horizontal motion at the pelvis of 4 Hz frequency and 
1.41 m/s**2 maximum acceleration. 
 
 
Figure 36     Frequency spectrum of angular displacement vs. time plot of Figure 35 after 
transient motion has decayed (5 to 10 seconds interval). Peak at 4 Hz frequency (forcing 
motion). 
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Discussion 
The model response shows some agreement with the experimental data 
for harmonic vibrations in the horizontal direction, but it differs significantly with 
unidimensional vertical excitations. Although the rhythmic response of muscles 
to predictable and periodic stimuli could be explained by a purely induced 
reflex activity, the lack of phasic activity along with the almost complete 
independence of response and stability from the characteristics of the vertical 
excitation pinpoint to the need of a better anatomical and physiological 
description.  
The higher sensitivity, in term of stability of posture, to perturbations in 
the horizontal direction could explain the greater voluntary effort exerted by the 
subjects in the laboratory, when exposed to fore-aft vibrations. By converse 
little voluntary effort seems to be directed towards the maintenance of postural 
stability in the case of vertical vibrations.         
 
RESPONSE TO HORIZONTAL AND VERTICAL IMPACTS 
The model is now further modified to take into account some of the 
findings of the previous modeling stages. In particular, the eccentricity of the 
center of mass of the upper torso and a more realistic representation of muscle 
activity are introduced to overcome some of the deficiencies previously noticed.  
The response is then analyzed by subjecting the model to synthesized 
shocks typical of all-terrain vehicle rides. The effect of muscle co-contraction 
on postural stability is quantified and an assessment of the forces developed 
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along the spine is performed.  
 
Modeling of Pre-Contracted Muscle 
Three new aspects are considered in the description of muscle response.  
The first aspect is that the force exerted must drop to zero when the 
muscle length is less than its resting length. In fact muscles can be active only 
when tensed: in other words they can only pull and not push. Although the drop 
in tension is not instantaneous, but it is governed by the shape of the trailing 
edge of the muscle twitch curve94, we are considering a step function to model 
the transition from contraction to de-contraction state.  
The second aspect is the introduction of active pre-contraction in 
anticipation of an impact. The tension produced by a muscle under isometric 
conditions is a function of its length and the degree of muscle activation; for a 
given length the tension exerted can span from zero to 100% of maximum 
voluntary contraction (MVC). The maximum isometric tension is reached at the 
resting length for 100% muscle activation as shown in Figure 37. In our model 
we consider the erector spinae and rectus abdominis muscles to be at their 
resting length, when the upper body is in the erect position of static equilibrium. 
The seated subject is considered in this position of equilibrium before the 
motion takes place. 
The third aspect is the experimental observation made by Rack and 
Westbury78 that contracted muscles resist small fast changes in length with an 
essentially linearly elastic response. They call this behavior “short range 
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stiffness” of active mammalian muscle and it describes the response to the first 
part of an unexpected movement before any form of reflex response can 
develop. In addition to Rack and Westbury, several other researchers, among 
which Morgan63 and Cannon and Zahalak15, found that this initial stiffness in 
human muscles is a function of the tension generated and it is independent of 
the combination of length and stimulus rate used to generate the tension. 
 
  
Figure 37     Tension produced by a muscle vs. its length; l0 is the resting length (from Winter, 
1990).  
 
 
Based on the findings of Rack and Westbury, Bergmark6 calculated muscle 
stiffness for small elongation and contraction to be proportional to muscle force 
and inversely proportional to its length: 
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(4) k = q (F/L) 
 where: k is the muscle stiffness, q an adimensional constant called muscle 
stiffness coefficient, F is the muscle force and L is muscle length. While 
Bergmark extrapolated a value of q equal to 40, as an average from two 
experiments, other investigators have presented different values. Crisco20 
found that q can vary from 0.5 to 42, with an average value of 10. 
Cholewicki’s18 attempt to recover the q coefficient from a more sophisticated 
model based on cross-bridge bond theory resulted in a range of values 
between 7.6 and 45 for the lowest activation levels, 50 at about 20% of MVC 
and 27 to 36 above 50% of MVC. The discrepancies in the reported value of q 
arise most likely from different experimental conditions. Although using an 
average coefficient to estimate the short range muscle stiffness is a simplistic 
approximation, we take the value of 40 calculated by Bergmark, because, at 
this stage of model development, our intent is to understand how muscle 
response affects postural stability. 
By combining all three aspects, we can model the muscle response as 
follows: 
(5a)  F = Fin + k (L - Lin), L ≥ Lin 
(5b)  F = 0, L ≤ Lin 
(5c)  k = 40 (Fin / L) 
where: F is muscle force, Fin is the force of the pre-contracted muscle, k is the 
short-range stiffness, L is muscle length and Lin is muscle resting length. This 
muscle force-length relation is pictured in Figure 38. 
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Figure 38     Modeling of tension produced by a muscle as its length changes. Lin is the resting 
length; Fin is the tension of the pre-contracted muscle. 
 
 
Simulation of Shocks 
The acceleration time history transmitted at the seat of a vehicle riding 
on a rough course is rather complex. From field data recorded on a variety of 
all-terrain vehicles, it appears that the motion can be described by a 
background of random vibration relatively small in amplitude, scattered with 
various kinds of shock waveforms.80 For the purpose of the present modeling 
stage we are interested in the synthesis of typical isolated shocks. The 
complete time history of the acceleration signal will be dealt with at a later 
stage. Although shocks time histories may present a variety of shapes, such as 
triangular or rectangular, the typical shocks encountered in vehicle rides can be 
synthesized by an exponentially decaying sinusoid: 
(6)  a(t) = [amax sin(2π f t)] ef δ  t 
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where: a(t) is the acceleration time history, amax is the peak acceleration, f is 
the frequency equal to ω / 2π and δ is the decay rate.  
The vast majority of impulses recorded at vehicle seats presents peaks 
at about 2 to 3 Hz, as indicated by the power spectral density analysis 
performed on 42 high acceleration events recorded under test track 
conditions85. A decay rate of 2.5 is typical of shocks recorded in the vertical 
direction during cross-country operation of military tactical ground vehicles80. 
Bumps of this nature are represented in Figure 39. A frequency of 3 Hz 
and a decay rate of 2.5 characterize both waveforms. The shock in the z-
direction has maximum amplitude of 4 g’s and is three times higher than the 
shock in the x-direction. They are both classified as “+2” shock type: the “+” 
meaning a positive polarity of the initial motion, the “2” being the number of 
complete oscillations in the direction of the initial motion. Following this 
definition a “-3” shock would have an initial negative polarity and would vanish 
after three complete oscillations and so forth for types “+1”, “-1”, etc. 
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Figure 39     “+2” bumps in horizontal and vertical direction. 3 Hz frequency and 2.5 decay 
rate. 
 
 
Stability of Posture to Horizontal and Vertical Shocks 
The added eccentricity of the center of mass of the upper torso, 0.025 
meters in the positive x-direction, requires a constant difference of about 200 
Newtons between erector spinae and abdominal muscles to statically stabilize 
the spine in the erect position. From this position of static equilibrium the model 
is subjected to isolated synthesized bumps of different magnitude, first in the 
vertical direction only, then in the horizontal and vertical direction 
simultaneously. In both cases the bumps are of the “+2” type with a frequency 
of 3 Hz and decay rate of 2.5.  
The graph in Figure 40 summarizes the simulation results obtained by 
increasing the maximum acceleration amplitude in the vertical direction from 1 
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to 4 g’s in steps of 1 g, being 4 g’s the maximum acceleration typically captured 
in field data. The initial pre-contraction of erector spinae and rectus abdominis 
muscles is gradually increased up to about 25% of MVC for each chosen peak 
amplitude. The maximum voluntary contraction is calculated by multiplying the 
muscle physiological cross-sectional area (PCA) by the maximum muscle 
contracting stress.8 A MVC of erector spinae muscles of 2,075 Newtons is 
computed from a PCA of 45.1 cm2 and a maximum tension of 46 N/cm2: PCA 
and maximum stress were obtained from Goel and Weinstein34 and Bogduk et 
al.8 respectively. The stability of posture is judged by the shape of the 
oscillation history of the spine about the vertical position of static equilibrium: 
an oscillation is considered stable when it does not grow with time. Figure 41 
shows a stable oscillation in response to a 4 g's vertical bump. The graph in 
Figure 42 is obtained with the same approach of the previous graph, by 
imposing simultaneous shocks in the horizontal and vertical direction; the 
amplitude ratio of peak amplitudes in z and x-direction is 3 to 1, as typically 
experienced on rough rides.  
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Figure 40     Postural stability and instability regions of the upper body as a function of muscle 
pretension and amplitude of impact in vertical direction. 
 
 
Figure 41     Angular displacement of spinal column about vertical position of equilibrium in 
response to impulsive motion in vertical direction. ———— : angular displacement of spine;  
– – – – – : “+2” 4-g impact in vertical direction. 
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Figure 42     Postural stability and instability regions of the upper body as a function of muscle 
pretension and amplitude of simultaneous impacts in horizontal and vertical direction. 
 
 
Discussion 
Contraction of the antagonist trunk muscles in anticipation of incoming 
shocks is necessary to counteract the sway of the upper body. While the 
amount of muscular activity needed for stabilization to vertical impulses is 
relatively low, up to 20% of MVC for 4 g's shocks, a much higher co-contraction 
is required to maintain stability when fore-aft impulses are present. The 
minimum co-contraction jumps to almost 40% of MVC when, along with the 4 
g's shock in z-direction, there is a horizontal one only 1/3 in magnitude of that 
in the vertical direction. We should expect high sensitivity to vehicular pitching 
motion as well, because it induces postural disturbances similar to those 
generated by fore-aft motion. 
Frequency analysis of spine oscillations to shocks gives evidence of 
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increased frequency of response, as the muscular co-contraction rises (Figure 
43). Although the frequency of response decreases with increasing shock 
amplitudes for a given co-contraction level, the stiffening effect of muscular 
pre-tension agrees with experimental observations. The non-linearity of 
response to shock magnitude also is evident in Figure 44. 
 
 
Figure 43     Frequency of oscillation in sagittal plane as a function of muscle co-contraction 
and shock magnitude. 
 
 
The muscle pre-tension stabilizes the spine, but tends to increase spinal 
stresses. The compressive load on the spine increases with shock magnitude 
and higher muscular activity. Figure 45 summarizes the results of the computer 
simulation in the vertical direction. Figure 46 shows the vertical load on the L5-
S1 joint along with the muscular force exerted by the abdominal and dorsal 
muscles.  
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Figure 44     Angle of oscillation in sagittal plane vs. shock magnitude. 
 
Figure 45     Compressive load on lumbar spine vs. shock amplitude. 
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Figure 46     Angular displacement of spinal column about vertical position of equilibrium and 
muscular tension in response to impulsive motion in vertical direction. ———— : angular 
displacement of spine; — - — - : compressive load on L5-S1; – – – – – : tension of dorsal 
muscles; - - - - : tension of abdominal muscles. Compressive load on spine and muscular 
tension are both expressed as negative forces. 
 
 
The rapid increase in vertical load from the initial resting position is due 
to the sudden positive 4 g's acceleration, but its contribution is only about 60% 
of the total vertical load. Pre-tension of the antagonist muscles, although only 
slightly higher than the minimum required to maintain postural stability, 
accounts for roughly 25% of the vertical load on the lumbar joint. The 
combination of upper body weight, inertial load due to acceleration and muscle 
pre-tension brings the total compressive load at L5-S1 close to 2,700 N. If we 
consider the mean static compressive strength of 5,800 N for a typical lumbar 
segment, as measured by Brickmann et al.10, we are well above the 30% of 
static strength below which fatigue effects would not occur. Considering that 
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muscular co-contraction in preparation to unpredictable kinematic perturbations 
is likely to exceed the minimum required to maintain a stable posture, dynamic 
peak loads on the lumbar spine would easily reach its fatigue strength limit.  
The higher muscular pre-tension, needed to retain a stable posture when 
longitudinal impulses are present, induces significantly higher compressive 
loads on the spine. Figure 47 shows the maximum spinal load obtained during 
simulation with synthesized shocks along with the initial static load on the spine 
necessary to equilibrate the mass of the upper-body and the initial co-
contraction of antagonist muscles. The static load becomes a bigger 
percentage of the total load on the spine, as the simultaneous activation of 
antagonist muscles increases. 
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Figure 47     Compressive load on lumbar spine vs amount of muscular pre-tension needed to 
maintain postural stability for single and combined impacts in vertical and horizontal direction.  
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ANATOMICAL MODELS IN SAGITTAL AND CORONAL PLANE 
   
More anatomically realistic models are developed in both sagittal (xz) 
and coronal (yz) plane. They include the moments of inertia of the upper body 
and the compliance of the lumbar spine. A more realistic representation of the 
dorsal and abdominal muscles is also included. Both models are built with the 
capability to accept linear and angular excitations transmitted through the 
pelvis.    
 
ASSUMPTIONS AND LIMITATIONS 
The anatomical features of both models are computed by using a linked-
segment model of a typical human weighing 70 kilograms and 170 centimeters 
tall, sitting with the thorax-abdomen fully erect and both forearms up. This 
posture resembles that of a seated passenger riding on a vehicle without 
leaning against the backseat.  
 These models are built with rigid segments connected by frictionless hinge 
joints. Each model is two-dimensional and it is assumed that no cross-talk 
between the two orthogonal planes takes place. The movement of the head-
neck relative to the thorax is neglected and their masses are combined with the 
mass of the thorax. The upper-body rotates as a whole rigid body about the 
vertebral joint L5-S1 in the lower portion of the lumbar spine. The damping of 
the spine is not included along with the elastic properties of the pelvis. The 
muscles are grouped together according to their function (e.g.: flexor and 
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extensor) and the tendons are considered inextensible. The unloading of the 
spinal column, by building up pressure in the diaphragm, is neglected. 
Some of the assumptions listed above may effect the response to some 
specific kinds of motion, such as the nodding of the head during a pitching 
motion.67 Because we are mainly interested in the global response of the upper 
body to perturbations induced through the pelvis by the motion of the vehicle, a 
very detailed description of the upper trunk and its appendages is not needed.  
Even though all of the vertebral joints contribute to the motion of the spine in 
lateral bending and flexion-extension, the lumbar motion segments exhibit the 
highest range of motion. The thoracic vertebrae are connected to the sternum 
through the ribs and consequently offer a very limited motion.  
The viscous damping for tension-compression within the thoracolumbar 
intervertebral joints is very light, as shown by free vibration tests of single 
specimens performed by Markolf.61 Axial damping is subcritical and slightly 
less than the damping present for bending rotations. Therefore its effect on the 
dynamic response of the spine can be ignored.   
Tendons and muscles are anatomically linked and the properties of 
tendons influence those of muscles and vice versa. On the other hand, tendons 
are relatively stiff in order to transmit the force of their associated muscles to 
bones, without undergoing a substantial deformation during muscle 
contraction. Therefore, considering tendons non-elastic is a rather fair 
approximation. 
Higher forces at the L5-S1 joint than those experienced in practice 
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should be expected when disregarding the pressurization of the diaphragm. 
Build up of pressure in the abdominal area is typically experienced with 
intensive muscular efforts of short duration. This phenomenon does not apply 
to muscular contraction of relatively large duration experienced during vehicle 
rides.  
             
MODEL FORMULATION 
The human body in a seated posture is represented by a two degrees of 
freedom linkage system in both the sagittal and coronal plane.  Figures 48 and 
49 show the two-dimensional models in the sagittal (x-z) and coronal (y-z) 
plane respectively. They are both composed of two rigid segments 
representing a specific part of the human upper-body (pelvis and thorax-neck-
head-arms). The upper-body is linked to the pelvis with a revolute joint at the 
L5-S1 location and a translational joint resembling the axial compliance of the 
lumbar spine. The upper-body is characterized by its mass, center of mass and 
moments of inertia. Muscles connect the upper extremities of the thorax to the 
pelvis: erector spinae and rectus abdominis in the sagittal plane, lateral 
muscles in the coronal plane. The lumbar spine is characterized by its axial 
stiffness. Motion (linear and angular) is applied to the pelvis through the 
buttocks. Because the motion is induced at the pelvis, the inertial properties, 
mass and center of mass location of the pelvis are not of interest. 
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Figure 48     Two degree-of-freedom model in sagittal plane. 
 
 
Figure 49     Two degree-of-freedom model in coronal plane. 
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Center of Mass of Upper-Body 
 The location of the center of mass of the total system, composed of 
trunk, neck, head and two arms, is computed by determining the average 
length, average mass and the position of the center of mass of each body 
segment. Segment lengths and masses, expressed as percentage of body 
height and total body mass, are available in the scientific literature, along with 
the location of the center of mass of each segment, expressed as a percentage 
of the segment length from either the distal or the proximal end.22, 96 Appendix 
1 shows the details of the determination of the location of the center of mass of 
the upper-body. 
 It is interesting to note that in the fore-aft (sagittal) plane the calculated 
horizontal distance of 14 millimeters, between the center of the fifth 
intervertebral disc and the vertical line passing through the center of mass of 
the upper-body, falls within the range of 3-20 millimeters estimated by 
Robertson and Griffin.79 Their calculations were made by extrapolating muscle 
force from EMG signals collected on living subjects, while sitting with the trunk 
erect. Seidel et al.86 and Hinz et al.39 use slightly higher values (100-150 and 
110-150 millimeters respectively). Seidel et al. did not describe how this 
distance was estimated, while Hinz et al. determined the anatomical location of 
the center of mass of the trunk from literature data. In both cases it appears 
that the subjects were seated with the trunk leaning forward significantly. Our 
calculated value is indicative of a more upright posture of the trunk, which 
requires a moderate activity of the erector spinae muscles to maintain the 
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position of equilibrium. In some instances, such as riding while leaning against 
a backseat, the center of mass of the trunk may be located dorsal to the lumbar 
spine. This variability in posture affects the muscle activity needed to maintain 
stability and consequently may result in large variations of the forces acting on 
the spine. Sandover84 used a value of 55 millimeters in its model to calculate 
spinal loads during whole-body vibration. This value was estimated from the 
transverse sections of Eccleshymer and Shoemaker.27    
 
Moments of Inertia of Upper-Body 
 The moments of inertia of the upper-body are determined by first 
calculating the moments of inertia of the various body segments, then by 
applying the parallel-axis theorem to reduce these moments about the center 
of mass of the upper-body. Radii of gyration are presented in tabular form in a 
large collection of anthropometric data put together by NASA.65 Details of the 
calculation are provided in Appendix 2. 
It is worth noting that the coordinate system used in our models is the 
basicentric coordinate system specified by ISO 2631/145 for mechanical 
vibrations influencing humans and it is shown in Figure 50. These axes are 
commonly referred as "anatomical" axes in biodynamics, because they relate 
to the human skeleton in a standard anatomical position. In our case, the x-axis 
has the direction back-to-chest, the y-axis right-to-left side and the z-axis 
buttocks-to-head. The moments of inertia about the "anatomical" axes do not 
coincide with the moments of inertia about the principal axes, because the  
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"anatomical" axes are a hypothetical construction and not inherent to the body 
as the principal axes of inertia. On the other hand, studies conducted by 
Chandler et al.17 confirm that the moments of inertia about the "anatomical" 
axes very closely approximate the principal moments of inertia about the 
principal axes of inertia, especially those about the x-axis and the y-axis. The 
z-axis has the poorest approximation, but it is not of interest in our simulation. 
Therefore for our purpose, "anatomical" axes and principal axes can be 
considered coincident. 
 
 
Figure 50     Basicentric coordinate system for mechanical vibrations influencing humans (from 
ISO 2631-1, 1997). 
 
 
Compliance of Lumbar Spine 
 Payne70 extrapolates the total stiffness of the spine from L5 to T4, 
where the weight of the upper-thorax lies on, for a male subject of 27.9 years of 
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age. His determination of an average axial stiffness of 4.79x103 lb/ft (69.9x103 
N/m) follows the computational method developed by Stech and Payne89, 
which is based upon Yorra's96 experimental measurement of the load-
deflection curve of a single L4 vertebra.  
As mentioned before, the viscous damping in tension-compression is 
highly sub-critical and consequently has little influence on the natural frequency 
of oscillation of the spine. Therefore the dampening may be neglected. The 
same conclusion applies for lateral bending and flexion-extension, where again 
the viscous damping is only a small fraction of the critical damping. 
 
Muscle Architecture and Activation 
Muscles of the back are composed of numerous fascicles, but there is 
no reason in this contest to subdivide them in any detail, because the muscles 
usually work together in rather large groups. Keeping this in mind, our effort is 
to determine the group of muscles responsible for controlling the flexion-
extension in the sagittal plane and the lateral flexion in the coronal plane.  
Jenkins48 cites the erector spinae muscles as a strong extensor, while 
the anterolateral abdominal muscles (rectus abdominis) are mentioned as the 
chief flexor of the trunk. Lateral flexion is carried out primarily by the internal 
and external oblique acting together and the quadratus lumborum. Figures 8 
and 7 in chapter "Anatomy of Human Spine" and Figure 5111 depict these 
groups of global muscles. 
The psoas major and latissimus dorsi are not included in our models 
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because the main role of the psoas major is to flex the thigh, while the 
latissimus dorsi controls the extension, adduction and medial rotation of the 
arm.48, 7 
The transversus abdominis is not included either, because its action is 
to compress the abdominal cavity.48 
Muscle physiological cross-sectional area (PCA) and the distance of the 
centroid of the muscle from the vertical line passing through the center of the 
intervertebral disc L5-S1 were obtained from the scientific literature34, 37 for 
each group of muscles. Tables 2 and 3 summarize these results for the sagittal 
and coronal plane. 
 
 
 
Figure 51     Cross section of human trunk through the lumbar region (from Broberg, 1981). 
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Table 2     Geometrical characteristics of global muscles in sagittal plane. 
Muscle Group Action PCA (cm2) Distance from center of L5-S1 (cm) 
Erector spinae Backward extension 45.1 5 
Rectus abdominis Forward flexion 15.8 12.5 
 
 
Table 3     Geometrical characteristics of global muscles in coronal plane. 
Muscle Group Action PCA (cm2) Distance from center of L5-S1 (cm) 
Right lateral 
(internal + external oblique) Right flexion 17.5 14 
Left lateral 
(internal + external oblique) Left flexion  17.5 14 
 
 
Given the rather small PCA and distance from the L5-S1 joint of the 
quadratus lumborum compared to the internal and external oblique, its 
stabilizing action in the coronal plane may be ignored. 
Our two-dimensional models include the erector spinae and rectus 
abdominis muscles in the sagittal plane and the internal and external oblique in 
the coronal plane. All of these muscles are represented with origin at the pelvis 
and insertion at the thoracic cage. Their length is computed from a linked-
segment model utilizing body segment lengths expressed as a proportion of 
body height.22 
Muscle activation features the same characteristics previously described 
in the response of the two-dimensional inverted pendulum model to impacts in 
the horizontal and vertical direction: muscles are active only when tensed, 
muscles are pre-contracted in anticipation of an impact and contracted muscles 
exhibit a short range stiffness.  
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Two additional aspects are incorporated in the muscle response 
description to account for the presence of spinal compliance.  
The first aspect is the presence of an initial axial pre-load on the spine to 
equilibrate the forces exerted by the pre-contracted muscles and the force of 
gravity acting on the upper-body, in the erect position of static equilibrium. 
Without this initial pre-load, the spine would collapse and the upper-body would 
find a different position of static equilibrium. Both approaches are acceptable, 
but the presence of an initial load on the spine allows maintaining the same 
vertical position of static equilibrium, independently of the tension exerted by 
the muscles. 
The second aspect is the insensitivity of the initial muscle contraction to 
the deformation of the spine. Figures 52 and 53 show the effect of a positive 
(z+ direction) vertical acceleration on the spine: as the spine compresses, as a 
result of the motion imposed to the pelvis, both muscles in the sagittal plane 
(erector spinae and rectus abdominis) shorten and their initial pre-tension 
collapses. This behavior does not resemble the typical response to sudden 
impact: the initial muscular contraction is insensitive to the axial deformation of 
the spinal column. The muscular action implemented in the models is 
independent of the angle of oscillation of the spine for angles of oscillation less 
than 1 degree and it gradually transitions to the curve depicted in Figure 38. 
This muscle response description provides a negligible collapse of the muscles 
upon the initial impact and a smooth response of the muscle intervention. 
Figure 54 exemplifies such a behavior. 
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Figure 52     Collapse of muscle tension as a result of an impact in the vertical direction. 
— - — - : compressive force on L5-S1; ———— : tension exerted by erector spinae (positive 
tension has negative sign); – – – – – : tension exerted by rectus abdominis (positive tension 
has negative sign).  
 
 
Figure 53     Axial deformation of lumbar spine as a result of an impact in the vertical direction. 
———— : 1 g vertical impact; – – – – –: axial deformation of lumbar spine.   
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Figure 54     Insensitivity of initial muscle pre-tension to a sudden impact in the vertical 
direction. ———— : oscillation of upper-body in sagittal plane; – – – – –: 1 g vertical impact;  
- - - - - - : tension exerted by erector spinae (positive tension has negative sign);  
— - — - : tension exerted by rectus abdominis (positive tension has negative sign).  
    
 
ACCELERATION TIME HISTORIES OF VEHICLE RIDES 
Linear acceleration traces from the M917A1 dump truck in unloaded 
configuration, while driven at a constant speed of 5 miles per hour over the 
radial washboard course at the Aberdeen Proving Ground, are used for the 
stability analysis of our two models. The time acceleration histories in the 
vertical (z), transversal (y) and longitudinal (x) direction at the driver seat are 
shown in Figures 21, 22 and 23 in chapter "Research Design and Methods". 
 Even though it is not possible to completely characterize such a 
complex motion signature and consequently to compare it with harmonic 
motions or synthesized impacts, some features of the kinematic profile, such 
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as peak value, frequency spectrum content and root-mean-square (RMS), will 
help assess its severity. This ride contains the largest magnitude of 
acceleration measured while the vehicle was operated over various test 
courses: 6.92 gravitational accelerations (g's) in the vertical direction. 
Extremely high crest factors are present in both the vertical and longitudinal 
direction: 27.0 and 14.9 respectively. Even though the maximum acceleration 
in the transversal direction does not exceed 1.5 g's, the RMS value of 2.5 m/s2, 
equal to that in the vertical direction, it is indicative of a very rough ride. The 
frequency content of these acceleration histories is concentrated mainly 
between 1 and 2 Hz; the longitudinal trace also shows another cluster around 3 
Hz. These values are slightly lower than those typically collected under test 
track conditions; the relatively low vehicle speed of 5 miles per hour, necessary 
to safely negotiate the radial washboard course, is most likely the reason. 
Figures 55, 56, and 57 show the plots of the power spectral density (PSD) of 
the chosen acceleration histories. 
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Figure 55     Power spectral density of the acceleration trace in the vertical direction for the 
M917A1 dump truck in unloaded configuration driven at 5 MPH over radial washboard. 
 
 
Figure 56     Power spectral density of the acceleration trace in the transversal direction for the 
M917A1 dump truck in unloaded configuration driven at 5 MPH over radial washboard. 
 
   
  104   
 
Figure 57     Power spectral density of the acceleration trace in the longitudinal direction for the 
M917A1 dump truck in unloaded configuration driven at 5 MPH over radial washboard. 
 
      
RESPONSE TO LINEAR ACCELERATIONS FROM VEHICLE RIDES 
The kinematic profiles described in the previous paragraph are applied 
to both models, to assess the amount of muscle pre-contraction needed to 
maintain stability of the upper-body throughout the entire length of the ride.  
The body is considered stable if the oscillation of the body does not 
grow with time under the perturbing motion. The degree of stability is also 
judged by the capability of the muscles to return the trunk to the initial position 
of static equilibrium (trunk fully erect). 
The amount of muscular pre-contraction is still defined as percentage of 
maximum voluntary contraction (MVC), being the MVC calculated as in 
paragraph "Stability of Posture to Horizontal and Vertical Shocks". The muscle 
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physiological cross-sectional areas are listed in Tables 2 and 3.  
The response to the vertical acceleration trace is very similar in both 
planes, for a given amount of voluntary contraction. A relatively small amount 
of initial pre-contraction is sufficient to control the sway of the upper-body. A 
maximum oscillation of about 6 degrees from the vertical position of equilibrium 
is experienced in the fore-aft plane with 30% of MVC (Figure 58). Being the 
model in the transversal plane symmetric to the vertical axis and consequently 
insensitive to vertical perturbations, an initial angular displacement is imposed 
to assess its capability to return to the erect position. Figure 59 shows a fast 
recovery of the position of equilibrium with 30% of MVC. 
 
 
 
Figure 58     Stable oscillation of the upper-body in sagittal plane to vertical acceleration trace 
of M917A1 dump truck over radial washboard (30% MVC). ———— : oscillation of upper-body 
in sagittal plane; – – – – –: vertical acceleration trace.   
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Figure 59     Stable oscillation of the upper-body in coronal plane to vertical acceleration trace 
of M917A1 dump truck over radial washboard (30% MVC). ———— : oscillation of upper-body 
in coronal plane; – – – – –: vertical acceleration trace.   
 
 
The behavior changes considerably when the passenger experiences 
simultaneous perturbations in both linear directions, vertical and longitudinal in 
the sagittal plane and vertical and transversal in the coronal plane. When the 
amplitude in the x-direction starts intensifying, the sway of the upper-body 
becomes unstable in the fore-aft direction with an initial pre-contraction of 30% 
of MVC (Figure 60). By increasing co-contraction of the antagonist muscles, 
the passenger can retain a stable posture throughout the duration of the ride: 
Figures 61 and 62 display a significant reduction of upper-body oscillation as 
the muscle activity rises from 60 to 90 % of MVC. A similar behavior is noticed 
in the transversal plane, even though the body exhibits stability with 30% of 
MVC (Figures 63 and 64). 
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Figure 60     Unstable oscillation of the upper-body in sagittal plane to longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (30% MVC). 
———— : oscillation of upper-body in sagittal plane; – – – – –: vertical acceleration trace; 
- - - - - : longitudinal acceleration trace. 
 
 
Figure 61     Stable oscillation of the upper-body in sagittal plane to longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (60% MVC). 
———— : oscillation of upper-body in sagittal plane; – – – – –: vertical acceleration trace; 
- - - - - : longitudinal acceleration trace. 
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Figure 62     Stable oscillation of the upper-body in sagittal plane to longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (90% MVC). 
———— : oscillation of upper-body in sagittal plane; – – – – –: vertical acceleration trace; 
- - - - - : longitudinal acceleration trace. 
 
 
Figure 63     Stable oscillation of the upper-body in coronal plane to transversal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (30% MVC). 
———— : oscillation of upper-body in coronal plane; – – – – –: vertical acceleration trace; 
- - - - - : transversal acceleration trace. 
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Figure 64     Stable oscillation of the upper-body in coronal plane to transversal and vertical 
acceleration traces of M917A1 dump truck over radial washboard (60% MVC). 
———— : oscillation of upper-body in coronal plane; – – – – –: vertical acceleration trace; 
- - - - - : transversal acceleration trace. 
 
Figure 65     Response of the upper-body to linear acceleration traces in sagittal (xz-dir.) and 
coronal (yz-dir.) plane. 
 
 
The graph in Figure 65 summarizes the simulation results obtained in 
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both planes  by increasing the muscle pre-contraction in finite increments. 
Interesting to note is the "flailing" tendency in the lateral (side-to-side) direction 
around 50% of MVC. This phenomenon, which will be discussed later, is most 
likely due to resonance effects induced by the transversal kinematic profile. 
 
RESPONSE TO ANGULAR ACCELERATIONS FROM VEHICLE RIDES 
Rotational acceleration data are scarce because ISO 263145 only 
requires the measurements of rectilinear vibrations on the supporting seat and 
it does not provide a standard method for reporting the rotational vibrations. 
However, ISO 2631 recognizes than in some vibration environments, such a 
tractor over rough terrain, the pitching and rolling motions of the seat may be 
more disturbing than the rectilinear vibrations. 
 Angular acceleration traces (pitch in the sagittal plane and roll in the 
coronal plane) are obtained from the linear acceleration traces of the same ride 
previously utilized, by knowing some of the geometrical dimensions of the 
vehicle. The computational method is detailed in Appendix 3. 
At first, the models are subjected to rotational acceleration only, then the 
angular excitation is added to the linear vibrations already present.  
As previously seen with vertical excitations, little voluntary contraction is 
needed to maintain a stable posture when only pitching motion (xz-plane) and 
rolling motion (yz-plane) are present. Figures 66 and 67 show the oscillation of 
the upper-body in the sagittal and coronal plane due to the angular excitation, 
when the initial pre-contraction is 30% of MVC. The more pronounced sway of 
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the upper-body in the sagittal plane, compared to the case with only vertical 
excitation, is confirmed by a 100% increase of the RMS of the angle of 
oscillation (from 1.52° to 3.01°). It is also evident in both graphs that the body 
does not sway about the position of vertical equilibrium throughout the entire 
ride: the tilting of the seat induced by rotational motion is responsible for this 
behavior. The body seems to be more stable in the transversal plane, at least 
up to the angular spike corresponding to the 6 g's bump in the vertical 
direction: RMS of oscillation is 0.79° during the first 42 seconds of the ride, 
versus 2.95° in the fore-aft plane.  
 
 
Figure 66     Stable oscillation of the upper-body in sagittal plane to angular acceleration trace 
(pitching motion) of M917A1 dump truck over radial washboard (30% MVC). ———— : 
oscillation of upper-body in sagittal plane; – – – – –: angular acceleration trace.   
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Figure 67     Stable oscillation of the upper-body in coronal plane to angular acceleration trace 
(rolling motion) of M917A1 dump truck over radial washboard (30% MVC). ———— : 
oscillation of upper-body in coronal plane; – – – – –: angular acceleration trace.   
 
In most cases the addition of angular acceleration to the linear vibrations 
induces a slightly higher oscillation than that experienced with translational 
excitations only. However, in some instances, a noticeable increase is evident 
after the 6 g's vertical spike (around 42 seconds of test time). Figure 68 (xz-
plane, 90% of MVC) and Figure 69 (yz-plane, 60% of MVC) detail this 
behavior. A comparison of Figure 68 with Figure 62 (xz-plane, 90% of MVC), 
where only linear accelerations are present, indicates a modest increase of 
RMS from 1.94° to 2.08° throughout the entire length of the ride and a more 
pronounced increase from 3.33° to 4.34° between 42 and 50 seconds of test 
time.  
Stiffening of the trunk, by increasing initial muscular pre-tension,  
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Figure 68     Stable oscillation of the upper-body in sagittal plane to longitudinal, vertical and 
angular acceleration traces of M917A1 dump truck over radial washboard (90% MVC). 
———— : oscillation of upper-body in sagittal plane; – – – – –: vertical acceleration trace; 
- - - - - : longitudinal acceleration trace; — - — - : angular acceleration trace. 
 
 
Figure 69     Stable oscillation of the upper-body in coronal plane to transversal, vertical and 
angular acceleration traces of M917A1 dump truck over radial washboard (60% MVC). 
———— : oscillation of upper-body in coronal plane; – – – – –: vertical acceleration trace; 
- - - - - : transversal acceleration trace. 
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Figure 70     Response of upper-body in sagittal plane to vehicle ride traces with and without 
presence of angular acceleration (xz-dir.: linear traces: xzp-dir.: linear + angular traces). 
 
Figure 71     Response of upper-body in coronal plane to vehicle ride traces with and without  
presence of angular acceleration (yz-dir.: linear traces: yzr-dir.: linear + angular traces). 
 
 
reduces the amount of sway, thus making the upper-body more prone to  
withstand kinematic perturbations. The graphs of Figures 70 and 71 summarize 
the simulation results with and without the presence of angular acceleration for 
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each plane of interest. As previously mentioned, the "flailing" tendency around 
50% of MVC in the coronal plane could be induced by the frequency content of 
the transversal acceleration trace. 
 
LOAD ON LUMBAR SPINE 
The maximum compressive load seen by the lumbar spine during the 
course of the ride is a function of the initial pre-tension of the muscles of the 
trunk and the impulsive content of the kinematic profiles. In our particular case 
a very strong impulsive motion occurs at about 42 seconds of test time and it is 
clearly distinguishable in the spinal load trace, especially for elevated tonic 
activity. As the muscular pre-tension increases, the sway of the trunk remains 
closer to the vertical position of equilibrium, thus minimizing the elastic force 
due to the stretching of the muscles ("short range stiffness"). The peak 
compressive load at the moment of the vertical shock is evident in Figure 72 
(xz-plane, 90% of MVC); by converse, the load peaks after the vertical impulse, 
with a lower initial pre-contraction of 60% of MVC (Figure 73). A similar trend is 
observed in the transversal plane, with the exception of the range of muscular 
pre-tension where resonance effects and consequent elevated oscillations are 
experienced. 
Figures 74 and 75 show the maximum spinal load obtained during the 
vehicle ride and the initial static load necessary to equilibrate the mass of the 
upper-body and the initial co-contraction of the antagonist muscles. An average 
increase of 40-50% is observable in the fore-aft plane, while a more significant  
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Figure 72     Compressive load at L5-S1 with 90% MVC and longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard. ———— : tension of erector 
spinae; – – – – –: tension of rectus abdominis; - - - - - : compressive load at L5-S1. 
 
 
Figure 73     Compressive load at L5-S1 with 60% MVC and longitudinal and vertical 
acceleration traces of M917A1 dump truck over radial washboard. ———— : tension of erector 
spinae; – – – – –: tension of rectus abdominis; - - - - - : compressive load at L5-S1. 
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Figure 74     Maximum spinal compressive load vs. voluntary contraction in sagittal plane with 
linear accelerations (xz-dir.) and linear and angular accelerations (xzp-dir.). 
 
Figure 75     Maximum spinal compressive load vs. voluntary contraction in coronal plane with  
linear accelerations (yz-dir.) and linear and angular accelerations (yzr-dir.). 
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increase of up to 300% is noticeable in the transversal plane. Worth noting is  
that in both planes the maximum compressive load does not exceed the mean 
static compressive strength of 5,800 N of a typical lumbar segment.  
 
DISCUSSION 
The response of the seated passenger to kinematic excitations typical of 
off-road riding conditions confirms the results obtained with synthesized 
shocks: higher co-contraction stiffens the upper-trunk, thus making it more 
stable. The more elevated muscular activity also increases the compressive 
load on the lumbar spine. 
Lateral acceleration demands a substantially higher level of co-
contraction of antagonist muscles in order to maintain a stable posture. This 
does not come as a surprise, given the rather large distance of the center of 
mass of the upper-body from the buttocks, where lateral motion is applied, and 
the small lever arm of the muscles in both sagittal and coronal plane. High 
sensitivity to fore-aft vibrations was also noticed in the response to simulated 
impacts. 
Angular acceleration induces a more pronounced sway of the upper 
body compared to the corresponding vertical vibration; on the other hand, the 
spine does not sustain the high impact typically seen with vertical impulses. 
The upper-body appears to be more stable in the transversal than in the 
longitudinal plane. Aside from the area around 50% of MVC, Figure 65 clearly 
indicates a more contained sway in the coronal plane for a given level of 
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voluntary contraction. A reasonable explanation could be the higher lever arm 
of the internal and external oblique: the line of action of the erector spinae and 
the rectus abdominis is much closer to the lumbar spine, therefore making the 
stabilizing moment induced by the muscular action less effective. 
The unexpected behavior of the model in the yz-plane for a certain 
amount of voluntary contraction deserves further explanations. A couple of 
observations can help explain this phenomenon.  
First, Figure 76 (y and z traces, 50% of MVC) shows a large and 
sustained body sway after passing the 6 g's vertical impulse. A fast-Fourier 
transform (FFT) of the lateral acceleration trace and the oscillation of the 
upper-body, between 42-48 seconds of test time, clearly pinpoints to a possible 
resonance between the two parameters (Figures 77 and 78). The peak 
frequency of the body sway (1.07 Hz) is fairly distinct, most likely because of 
the symmetry of lateral muscle and upper body's center of mass, and very 
close to the highest peak of the y-trace (1.34 Hz). On the contrary, both the 
sway in the fore-aft plane and the x-trace contain several peaks, none of them 
sharply separated from the rest (Figures 79 and 80), thus making resonance 
effects very unlikely to take place. A more in-depth analysis of the frequency 
response of the model in the coronal plane, when subjected to transversal 
harmonic oscillations, highlights the high non-linearity of this system. The 
frequency of oscillation of the body depends upon the amount of initial pre-
contraction and the amplitude of the forcing function, which directly affects the 
magnitude of sway: the natural frequency of oscillation decreases with 
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increasing angular displacement. With a forcing function of 1 g amplitude and 
1.34 Hz of frequency (same as predominant frequency of y-trace between 42 
and 50 seconds of test time), resonant effects are evident around 50-60% of 
MVC. As the transversal acceleration increases from 1 to 1.25 g's, the 
resonance effect shifts to higher values of voluntary contraction because of the 
subsequent higher sway. Figure 81 summarizes these findings. 
 
 
Figure 76     Sway of upper-body in coronal plane to transversal and vertical acceleration 
traces of M917A1 dump truck over radial washboard (50% MVC).  
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Figure 77     Fast-Fourier transform of sway of upper-body in coronal plane to transversal and 
vertical acceleration traces of M917A1 dump truck over radial washboard (50% MVC).  
 
 
Figure 78     Fast-Fourier transform of transversal acceleration traces of M917A1 dump truck 
over radial washboard.  
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Figure 79     Fast-Fourier transform of sway of upper-body in sagittal plane to longitudinal and 
vertical acceleration traces of M917A1 dump truck over radial washboard (60% MVC).  
 
 
Figure 80    Fast-Fourier transform of longitudinal acceleration traces of M917A1 dump truck 
over radial washboard.  
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Figure 81     Natural frequency of oscillation of upper-body in coronal plane to harmonic 
oscillations of 1.34 Hz in transversal direction.  
 
 
Second, the extremely high impulsiveness of the transversal 
acceleration trace makes postural control very difficult to achieve. The RMS of 
the kinematic profile jumps from 2.54 m/s2 for the entire ride to 4.61 m/s2 
between 42 and 50 seconds, with an increase of 81%. The roughness of the 
last 8 minutes of the ride is confirmed by the increase of RMS in both vertical 
(from 2.53 m/s2 to 2.75 m/s2-9% increase) and longitudinal direction (from 1.60 
m/s2 to 2.14 m/s2-34% increase). The test findings released by the US Army 
Aberdeen Test Center confirm that the transverse axis of the driver's seat over 
the radial washboard course at 5 miles per hour in unloaded configuration has 
the shortest exposure limit, as determined per ISO 263145, of all test courses. 
In addition, the absorbed power at the seat observed during this ride was, by 
Frequency Response to Harmonic Oscillations of 1.34 Hz in y-direction
(coronal plane)
0.5
1
1.5
2
2.5
3
3.5
4
20 30 40 50 60 70 80 90 100
Voluntary Contraction (% MVC)
Fr
eq
ue
nc
y 
of
 O
sc
ill
at
io
n 
(H
z)
1 g
1.25 g
   
  124   
far, the highest, with a value of 34.67 watts. Typically, humans do not subject 
themselves to absorbed power levels in excess of 6-10 watts for extended 
periods; 10 to 15 watts can be tolerated for short periods of time. Based on 
these data, the M917A1 dump trunk at curb weight is judged unable to safely 
negotiate the radial washboard test course at any speed. 
Even though the load on the lumbar spine does not reach its mean static 
compressive strength during any of the rides previously analyzed, it is 
important to emphasize that we are well above the critical threshold of 30% of 
static strength where material fatigue effects start taking place. In addition, the 
impulsiveness of the ride induces load fluctuations in the lumbar spine and 
generates a high number of peaks above the critical threshold; prediction of 
fatigue damage is based upon this number of events, according to the 
traditional approach of Miner62 for metal fatigue.      
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MODEL VALIDATION 
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INTRODUCTION 
 
A complete validation of our model is not possible because of the lack of 
data currently available regarding the human response to mechanical impacts 
and the practical difficulties associated with an experimental investigation. The 
large majority of information covers either steady-state harmonic vibrations of 
low amplitude or single events of high magnitude, such as those experienced 
during pilot ejection. On the other hand, in-vivo direct measurement of the 
internal forces generated by the trunk muscles and of the compressive load 
acting on the intervertebral joints requires severely invasive experimental 
techniques, which pose serious ethical concerns. The need for well 
documented experimental and field data, along with reliable epidemiological 
investigations, remains vital to assess the validity of any model of the human 
spine that predicts muscle and other tissue forces.  
Given these limitations, our validation is only partial and it is carried 
through a combination of methods. Electromyographic (EMG) and 
accelerometric experimental data are utilized to compare musculature behavior 
and motion of the upper-body in the sagittal and coronal plane. Spinal loads 
obtained in-vivo and in-vitro and available from the scientific literature are 
compared with those generated by our model, when subjected to the same 
kinematic perturbation. Trends and observations listed by some investigators 
can also add confidence to our findings. 
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COMPARISON WITH ACCELEROMETRIC AND ELECTROMYOGRAPHIC 
EXPERIMENTAL STUDIES 
 
The pattern of muscle response to an impact is evident in the EMG 
signal collected on human subjects by British Columbia Research using a 
multi-axis ride simulator.91 Figure 82 depicts the response of both right and left 
lumbar muscles to a positive (right-to-left) 1 g impulsive acceleration of 6 Hz in 
the y-axis. Evident on both muscles is the muscular activity preceding the 
impact: co-contraction of antagonist muscles in anticipation of the incoming 
impact helps preserve the seated posture. Following the shock, a reciprocal 
activity of antagonist muscles takes place. A pattern of silent periods and 
bursts is present in both muscles and it reflects the reciprocal stretching and 
shortening of right and left lumbar muscles. The side-to-side motion induces 
lateral oscillations of the trunk with consequent symmetrical response of the 
lateral muscles. The positive y-axis acceleration (right-to-left) flexes the trunk to 
the right: a left lumbar burst provides the compensatory response to restore the 
initial erect position, while a silent period of the right lumbar muscles minimizes 
opposition to the action of the left lumbar muscles. As the upper-body regains 
its upright position and sways to the left, the pattern of muscle activity reverses 
itself: the left lumbar muscles shorten and become silent, while the right lumbar 
muscles stretch and contract. This pattern of reciprocal activity continues until 
the neutral posture has been restored. Figure 83 shows the response of our 
model to the same impact previously analyzed. The anticipatory muscle activity 
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Figure 82     Response of left (LL) and right (RL) lumbar muscles to an impact acceleration of 
6 Hz frequency and 1 g amplitude in positive y-direction (from Village et al., 1995). 
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Figure 83     Response of left (- - - - - -) and right (– – – – –) lumbar muscles to an impact 
acceleration of 6 Hz frequency and 1 g amplitude in positive y-direction (————).  
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and the pattern of burst and silent periods are very well reproduced.  
The magnitude of muscle activity prior to the impact is lower than that 
following the impact, as evident in the EMG graph. Further, the amount of 
muscle activity decreases as the motion following the impact progresses and 
the body regains control of its upright posture (Figure 82). Even though the 
relationship between EMG signal and muscular force is not clear and 
controversial87, especially for dynamic conditions, a similar pattern of muscle 
activity is shown in the response of our model (Figure 83). 
Two typical measures of the dynamic response of the human body are 
the apparent mass and the transmissibility. Apparent mass is the ratio between 
the driving force of a system at a particular frequency and the correspondent 
acceleration at that frequency. Transmissibility is the ratio of acceleration 
response at two specific locations. 
Apparent mass has extensively been used in the past because it can be 
easily obtained from the signals provided by accelerometers and load cells. 
Furthermore, it gives a good representation of the resonances associated with 
the system in the direction of interest. At very low frequency, the human body 
can be considered rigid and the apparent mass of the body equals its mass. 
Resonances start appearing at higher frequencies and, as a consequence, the 
apparent mass increases. At very high frequency, the parts of the body farther 
away from the driving point become less coupled and the force is mainly 
affected by the nearby mass: the apparent mass rapidly falls.  
Bearing in mind that our models are designed with the intent to 
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understand how the muscle of the trunk can maintain postural control of the 
upper-body under kinematic perturbations, and not to study resonances in 
linear directions, where a system of dash-pots, springs and masses could be 
more appropriate, some agreement is found with experimental investigations of 
apparent mass. Figure 84 show the apparent mass in the vertical direction of 
four seated subjects vibrated at 2.0 m/s2 RMS 29; Figure 85 summarize the 
results of the response of our model in the xz-plane, when lumbar muscles are 
contracted at 30% of MVC. The sharpness and location of the resonance are 
not the same as those obtained experimentally, but the behavior is similar: the 
apparent mass has a resonance at low frequencies, then it quickly falls and 
flattens out (past 10 Hz). The response in the x- and y-axis also resemble 
those obtained in laboratory.28  
 
 
Figure 84     Apparent mass in vertical direction of 4 seated subjects vibrated at 2.0 m/s2 RMS 
(from Fairley and Griffin, 1989). 
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Figure 85     Apparent mass in sagittal plane with co-contraction of 30% of MVC. 
 
 
Figure 86     Apparent mass in fore-aft, lateral and vertical direction of seated subjects without 
a backrest (from Fairley and Griffin, 1990). 
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Figure 87     Apparent mass in fore-aft (x), lateral (y) and vertical (z) direction with  
co-contraction of 30% of MVC. 2.0 m/s2 RMS in vertical direction; 0.5 m/s2 RMS in horizontal 
direction; "+2" impact. 
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Figure 88     Comparison of transmissibility of the upper-body between seat surface and thorax 
obtained experimentally (data from Cameron et al. 1996) and from the model in sagittal plane 
with 30% of MVC.   
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Figures 86 and 87 show the experimental findings and the response of our 
models respectively. Both lateral and longitudinal apparent masses have a 
steep decline in the low frequency range and flatten out past 4-5 Hz. 
Transmissibility of the whole body between the seat surface (input) and 
the thorax (output) is compared with data obtained from British Columbia 
Research14 for shocks of 1, 2 and 4 g's amplitude in the vertical direction. 
Figure 88 summarizes the experimental data and the response of our model in 
the xz-plane, when lumbar muscles are contracted at 30% of MVC. Our model 
does not show the non-linearity exhibited by the human subjects: the amplitude 
of our response is independent of shock magnitude. However, it shows a 
similar trend for lower amplitudes: magnification of transmission below 8 Hz, 
followed by isolation at higher frequencies (greater than 8 Hz). 
Sandover85 gathered data from several researchers on the estimates of 
load in the lumbar spine under impulsive events with amplitude of 20 m/s2 and 
frequency of 8 Hz. These data, along with the peak compressive force obtained 
for the same impact from our model in the xz-plane, are summarized in Table 
4.  
 
Table 4     Estimated load in the lumbar spine under vertical 
impulsive event of 20 m/s2 amplitude and 8 Hz frequency. 
Source Peak Compressive Load (N)
Guillon et al. 720 
Hinz et al. 3667 
Pope et al. 1080 ÷ 4330 
Robinson et al. 2500 
Seidel et al. 1400 
Model in sagittal plane (10% MVC) 1347 
Model in sagittal plane (30% MVC) 1906 
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The data obtained by Guillon et al. with cadavers give lower estimates because 
they neglect the effects of muscle activity. Our peak values of 1,347 N with 
10% MVC and 1,906 N with 30% MVC fall in the range obtained by the other 
investigators. 
Our model predicts the failure of the L5-S1 joint in response to a single 
impulse of 20 g's in the positive vertical direction. The compressive force at the 
joint reaches a peak of 9,343 N with an initial co-contraction of 60% of MVC, 
needed to maintain the erect posture throughout the motion. This result agrees 
with the vertebral damage experienced by pilots during ejection from their 
seat.49 The mean static strength of vertebral motion segments measured by 
Brinckmann et al.10 is 5,800 N with a standard deviation of 1,800 N. Even with 
the addition of a standard deviation to the mean compressive strength, the 
peak load would exceed the maximum allowable stress.  
As previously seen in the paragraph "Load on Lumbar Spine", the 
maximum compressive load does not exceed the mean static compressive 
strength of 5,800 N of a typical lumbar segment during the vehicle ride, in both 
sagittal and coronal plane. None of these rides resulted in spinal injuries to the 
vehicle occupants.   
The above mentioned comparisons and observations tend to support 
the validity of our biomechanical model for estimating the forces on the lumbar 
spine in response to mechanical impulses.  
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CONCLUSIONS AND RECOMMENDATIONS 
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COMPARISON WITH EXISTING MODELS 
 
Our biomechanical model encompasses several features already 
adopted by other researchers, such as: an anatomical representation of the 
upper-body including the inertial properties, the compliance of the lumbar spine 
and the capability to accept multi-axial excitational inputs. Furthermore, it 
incorporates the active presence of the muscles of the lower trunk region.  
The majority of the models developed in the past are uniaxial lumped- 
parameter analogues. Even though their parameters are typically selected to fit 
known experimental data, the lack of muscle description and the limitation of 
single axis excitations make them appropriate for very specific applications 
only (e.g. pilot ejection from an aircraft).  
 Tri-axial finite-element investigations of motion segments give a 
detailed description of the stresses induced by dynamic loads, but, again, they 
lack the presence of muscles and they are confined to a small section of the 
lumbar spine. 
More recent two-dimensional models of the seated human body in the 
mid-sagittal plane include a very detailed description of the torso and its 
appendages, but they either describe the muscle as passive visco-elastic 
elements69 or they do not include the musculature at all54. 
The use of artificial neural network models allows obtaining a good 
agreement between experimental data and model output. However, their 
response is limited to the range of input data on which the model was trained. 
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Therefore, the validity of any investigation or extrapolation beyond this range is 
severely undermined.  
Few other models include a more physiological response of the dorsal 
and abdominal muscles. The model of Arvikar and Seireg2 takes into account 
the muscle actions on the individual vertebrae, but it is limited to quasi-static 
conditions because the acceleration effects resulting from impacts are treated 
as additional forces acting at the center of gravity of each body segment. 
Broman et al.13 and Fritz 31 developed mathematical models to compute the 
spinal force due to an impact at the seat. Both models use a rather simplistic 
description of muscle action. The model of Broman et al. is considered time-
invariant, which implies that the muscle forces remain constant during the 
forced motion at the seat. Fritz uses the isometric relationship between the 
stretch of a muscle and its force to calculate the forces resulting from the actual 
vibration. Both models compute complex transfer functions from seat input 
accelerations to spine compressive forces. 
The description of muscle intervention in our model arises from the 
sense of anticipation of the forthcoming kinematic perturbation. Similarly to the 
simulation of an alert passenger during frontal collision performed by Batman 
and Seliktar 3, muscle bracing is modeled by a tension function of the degree of 
muscle activation. The de-contraction due to muscle shortening and the elastic 
response for small fast changes in muscle length are also included in the 
muscle response (Figure 38). 
In addition, our model can generate the compressive force acting on the 
   
  139   
spine directly from the simulation under the kinematic perturbations of interest, 
without having to extrapolate complex transfer functions.     
                        
RECOMMENDATIONS FOR FUTURE WORK 
 
Improve the anatomical representation of our model seems to be the 
next logical step. The upper-body has been described as a whole unit in both 
planes of interest (sagittal and coronal). Subdivision in several systems to take 
into account single motion segments of the lumbar spine, torso and head would 
better reflect the multi-degree of freedom nature of the upper-body. Such a 
representation would most likely not change the overall stability behavior to 
perturbations, but it would improve the dynamic response of the model in term 
of transmissibility and apparent mass. 
The ultimate model should be tri-dimensional and truly capable to 
accept linear and rotational excitations up to six degrees of freedom. Such a 
model would allow investigating the effect of rotational acceleration about the 
vertical axis (yaw) and, most importantly, be able to quantify cross-talk effects 
between the sagittal and coronal plane.  
Given the very limited knowledge of the dynamic response of the lumbar 
musculature to jerky motion, as typically experienced during travel over rough 
terrain, other plausible mechanisms of muscle intervention should be explored. 
In particular, muscles could be considered as force generators and respond to 
postural upsets with rhythmic firing. Maintenance of a stable posture could be 
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evaluated by changing phase, frequency and duration of the rhythmic response 
of antagonist muscles. 
Additional work should be directed toward the development of an 
objective cause-effect relationship between the repeated impacts contained in 
the acceleration time history of a given ride and the risk of injury to the crew 
members. The first step would entail extrapolating the number of occurrences 
that the compressive load in the lumbar spine exceeds the threshold above 
which fatigue effects take place. The second step would be to incorporate 
these numbers of peaks at a particular level into a fatigue damage model that 
quantifies the accumulated effect on the spinal units. Ultimately, the fatigue 
damage model could include the shear forces acting on the spine and the 
biological recovery, such as bone remodeling, associated with the repair of 
micro-fractures.           
    
STATEMENT OF ORIGINALITY 
 
We believe that the original contributions of this dissertation are as 
follows: 
The hypothetical mechanism of co-contraction of the antagonist trunk 
muscles in anticipation of the forthcoming kinematic perturbation provides an 
explanation of the maintenance of a stable posture during highly impulsive 
rides. Even though the degree of activation of antagonist muscles is 
mechanically indeterminate, due to the redundant nature of the 
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musculoskeletal system, we proved that a stable trunk posture could be 
achieved with a minimum amount of muscular activity. Furthermore, we 
showed that vehicle rides with high content of shocks and jolts require a higher 
level of muscle intervention in order to counteract the sway of the upper-body. 
The invoked pre-tension of the antagonist muscles stabilizes the spine, 
but it tends to increase the compressive load on the lumbar spine. Higher load 
on the spine is experienced with higher level of muscular activity, which in turn 
is required to withstand rough rides. A direct relationship between spinal load 
and shock magnitude was demonstrated with both synthesized bumps and 
real-world vehicle rides.  
Our model calculates the compressive and shear forces acting on the  
L5-S1 joint directly from seat acceleration traces, without using an "inverse 
dynamics" approach after determining displacement or acceleration of the 
upper-body or computing complex transfer functions from seat input 
accelerations to spinal forces.  
The configuration of our models in the sagittal and coronal plane allows 
investigating any kind of excitational input, from continuous vibration to high 
acceleration single event, from lower to higher levels of exposure where 
experimental data are not available. In particular, we could assess the human 
sensitivity to longitudinal (x-axis) and transversal (y-axis) accelerations and the 
practical importance of rotational accelerations.     
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APPENDIX 1 
 
CENTER OF MASS OF UPPER-BODY IN SEATED POSITION  
 
 
 
Segment lengths and masses, expressed as percentage of body height and total body mass, 
along with the location of the center of mass of each segment, expressed as a percentage of 
the segment length from either the distal or the proximal end, are obtained from Drillis and 
Contini22 and Winter96. 
 
Typical human subject: 70 kg in weight; 1.70 m in height. 
 
Mass of pelvis: 0.142 ∗ 70 = 9.94 kg 
 
Mass above L5-S1: 
 
Trunk-head-neck: 0.578 ∗ 70  =    40.46 kg 
Both arms:  2 ∗ 0.050 ∗ 70  =        7.00 kg  
-------------------------------------------------------------------------------- 
Total:        47.46 kg − 
           9.94 kg (pelvic mass) 
--------------------------------------------------------------------------------  
         37.52 kg (mass of upper-body above L5-S1) 
 
 
Location of center of mass (CM) in vertical (z) direction 
 
Typical human subject: 70 kg in weight; 1.70 m in height. 
 
 
 
 
 
Figure 89     Linked-segment model of sitting subject with both forearms up. 
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Limb length: 
  
Pelvis:     (0.530 − 0.480) ∗ 1700 =   85   mm 
 Thorax/abdomen:  (0.818 − 0.530) ∗ 1700  = 489.6  mm 
 Neck:    (0.870 − 0.818) ∗ 1700  =   88.4  mm 
 Head:    (1 − 0.870) ∗ 1700         =  221  mm 
 Upper arm:   0.186 ∗ 1700    = 316.2  mm 
 Forearm:    0.146 ∗ 1700    = 248.2  mm 
 Hand:    0.108 ∗ 1700    = 183.6  mm 
 
 
 
 
Figure 90     Location of center of mass of body segments in vertical (z) direction. 
 
 
 
Limb CM location in vertical direction: 
 
 zP  = 0.105 ∗ (85 + 489.6)    =  60.33  mm 
 zTHN  = 0.66 ∗ 574.6      = 379.24  mm 
 zU  = − 0.436 ∗ 316.2 + (85 + 489.6)  = 436.74  mm 
 zFH  = 85 + 489.6 − 316.2     = 258.4  mm 
 
CM of trunk-head-neck-arms: 
 
zTHN ∗ MTHN + zU ∗ 2 ∗ MU + zFH ∗ 2 ∗ MF + zFH ∗ 2 ∗ MH = zTOT ∗ MTOT  
 
zTOT  = (379.24∗40.46 + 436.74∗2∗0.028∗70 + 258.4∗2∗0.016∗70 + 258.4∗2∗0.006∗70) / 47.46 
  =  376.15 mm 
 
CM of abdomen-thorax-neck-head-arms above L5-S1: 
 
zTOT ∗ MTOT = zP ∗ MP + zABOVE L5-S1 ∗ MABOVE L5-S1 
 
zABOVE L5-S1 = (376.15∗47.46 − 60.33∗9.94) / 37.52 = 459.82 mm 
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Figure 91     Location of anatomical landmarks of upper-body in vertical (z) direction. 
 
 
 
Pelvis:      mP = 9.94 kg; zP = 60.33 mm 
 
L5-S1 joint:     zL5-S1 = 85 mm 
 
Upper-body (above L5-S1):  mUB = 37.52 kg; zUB = 459.82 mm; LUB = 374.82 mm. 
 
 
 
Location of center of mass (CM) in longitudinal (x) direction 
 
Limb CM location in longitudinal direction: 
 
 xTHN  = xU      =    0   mm  
 xF  = 0.430 ∗ 248.2     = 106.73  mm 
 xH  = 0.506 ∗ 183.6 + 248.2  = 341.10  mm 
 
 
CM of trunk-head-neck-arms: 
 
xTHN ∗ MTHN + xU ∗ 2 ∗ MU + xF ∗ 2 ∗ MF + xH ∗ 2 ∗ MH = xTOT ∗ MTOT  
 
xTOT  = (0∗40.46 + 0∗2∗0.028∗70 + 106.73∗2∗0.016∗70 + 341.10∗2∗0.006∗70) / 47.46 
  =  11.07 mm 
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Figure 92     Location of center of mass of body segments in longitudinal (x) direction. 
 
 
 
 
CM of abdomen-thorax-neck-head-arms above L5-S1: 
 
xTOT ∗ MTOT = xP ∗ MP + xABOVE L5-S1 ∗ MABOVE L5-S1 
 
xABOVE L5-S1 = (11.07∗47.46 − 0∗9.94) / 37.52 = 14.00 mm 
 
Pelvis:      mP = 9.94 kg; xP = 0 mm 
 
L5-S1 joint:     xL5-S1 = 0 mm 
 
Upper-body (above L5-S1):  mUB = 37.52 kg; xUB = 14 mm. 
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Figure 93     Location of anatomical landmarks of upper-body in longitudinal (x) direction. 
 
 
 
 
Location of center of mass (CM) in transversal (y) direction 
 
The body is symmetric to the sagittal plane, therefore the center of mass falls on the sagittal 
plane: yUB = 0 mm.  
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APPENDIX 2 
 
MOMENTS OF INERTIA OF UPPER-BODY IN SEATED POSITION 
 
 
The moments of inertia of the upper-body are determined by first calculating the moments of 
inertia of the various body segments, then by applying the parallel-axis theorem to reduce 
these moments about the center of mass of the upper-body. Radii of gyration are obtained 
from the anthropometric data put together by NASA.65 
 
I = M∗K2 = M∗(C∗L)2 
I = moment of inertia of segment 
M = segment mass 
K = radius of gyration 
C = coefficient  
L = segment length 
 
Typical human subject: 70 kg in weight; 1.70 m in height. 
 
Head:  mHD = 0.036∗70 + 2.46 = 4.60 kg; lH = 221 mm 
 
Torso:  mTR = 0.5582∗70 − 4.26 = 34.81 kg; lTR = 85 + 489.6 + 88.4 = 663 mm 
 
Upper arm: mU = 0.0274∗70 − 0.01 = 1.91 kg; lU = 316.2 mm 
 
Forearm:  mF = 0.0189∗70 − 0.16 = 1.16 kg; lU = 248.2 mm 
 
Hand:  mH = 0.0055∗70 + 0.07 = 0.46 kg; lH = 183.6 mm 
 
 
Moment of inertia in sagittal (xz) plane 
 
The following locations of center of mass (CM) of body segments are obtained from Winter96: 
 
CMP = (0; 60.33), [mm]; CMTA = (0; 447), [mm]; CMN = (0; 618.8), [mm];  
CMHD = (0; 758.7),    [mm]; 
CMU = (0; 436.7), [mm]; CMF = (106.7; 258.4), [mm]; CMH = (341.1; 258.4), [mm]. 
 
Determination of CMTR: 
 
mP = 9.94 kg 
mN = 0.0146∗70 + 0.60 = 1.62 kg 
mTA = mTR − mN − mP = 34.81 − 1.62 − 9.94 = 23.25 kg 
 
zCM-TR ∗ mTR = zCM-P ∗ mP + zCM-TA ∗ mTA + zCM-N ∗ mN 
 
zCM-TR = (60.33∗9.94 + 447∗23.25 + 618.8∗1.62) / 34.81 = 344.58 mm 
 
CMTR = (0; 344.6), [mm] 
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Figure 94     Location of center of mass of body segments of upper-body in sagittal plane. 
 
 
 
Iyy-CM-TR = 34.81∗(0.352∗0.5746)2 = 1.42403 kg m2 
Iyy-CM-HD = 4.60∗(0.309∗0.221)2  = 0.02145 kg m2 
Iyy-CM-U = 1.91∗(0.254∗0.3162)2  = 0.01232 kg m2 
Iyy-CM-F  = 1.16∗(0.292∗0.2482)2   = 0.00609 kg m2 
Iyy-CM-H  = 0.46∗(0.456∗0.1836)2   = 0.00322 kg m2 
 
Determination of moment of inertia Iyy about CMUB (above L5-S1): 
 
CMUB = (14; 459.8), [mm], 
 
By using the parallel-axis theorem: 
 
Iyy-CM-UB = Iyy-CM-TR + mTR ∗ CMUB CMTR2 + Iyy-CM-HD + mHD ∗ CMUB CMHD2  
  + 2 ∗ Iyy-CM-U + 2 ∗ mU ∗ CMUB CMU2 + 2 ∗ Iyy-CM-F + 2 ∗ mF ∗ CMUB CMF2 
  + 2 ∗ Iyy-CM-H + 2 ∗ mH ∗ CMUB CMH2  
= 1.42403 + 34.81∗[0.0142 + (0.4598 − 0.3446)2] + 0.02145 + 4.60∗[0.0142 + (0.7587 
− 0.4598)2] + 2∗0.01232 + 2∗1.91∗[0.0142 + (0.4598 − 0.4367)2] + 2∗0.00609 + 2∗ 
1.16∗[(0.1067 − 0.014)2 + (0.4598 − 0.2584)2] + 2∗0.00322 + 2∗0.46∗[(0.3411 − 
0.014)2 + (0.4598 − 0.2584)2]  
= 2.62198 kg m2 
     
 
The moment of inertia Iyy of the upper-body above L5-S1 (including abdomen, thorax, neck, 
head and arms) is 2.62198 kg m2 about the center of gravity CMUB.   
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Moment of inertia in coronal (yz) plane 
 
 
 
 
Figure 95     Location of center of mass of body segments of upper-body in coronal plane. 
 
 
 
A = 0.129∗1700 = 219.3 mm 
 
CMTR = (0; 344.6), [mm]; CMUB = (0; 459.8), [mm]; CMHD = (0; 758.7), [mm];  
CMU = (± 219.3; 436.7), [mm]; CMF = (± 219.3; 258.4), [mm]; CMH = (± 219.3; 258.4), [mm]. 
 
Ixx-CM-TR = 34.81∗(0.430∗0.5746)2 = 2.12506 kg m2 
Ixx-CM-HD = 4.60∗(0.316∗0.221)2  = 0.02243 kg m2 
Ixx-CM-U = 1.91∗(0.261∗0.3162)2  = 0.01301 kg m2 
Ixx-CM-F  = 1.16∗(0.108∗0.2482)2   = 0.00083 kg m2 
Ixx-CM-H  = 0.46∗(0.266∗0.1836)2   = 0.00110 kg m2 
 
Ixx-CM-UB = Ixx-CM-TR + mTR ∗ CMUB CMTR2 + Ixx-CM-HD + mHD ∗ CMUB CMHD2  
  + 2 ∗ Ixx-CM-U + 2 ∗ mU ∗ CMUB CMU2 + 2 ∗ Ixx-CM-F + 2 ∗ mF ∗ CMUB CMF2 
  + 2 ∗ Ixx-CM-H + 2 ∗ mH ∗ CMUB CMH2  
= 2.12506 + 34.81∗(0.4598 − 0.3446)2 + 0.02243 + 4.60∗(0.7587 − 0.4598)2 + 
2∗0.01301 + 2∗1.91∗[0.21932 + (0.4598 − 0.4367)2] + 2∗0.00083 + 2∗ 1.16∗[0.21932 
+ (0.4598 − 0.2584)2] + 2∗0.00110 + 2∗0.46∗[0.21932 + (0.4598 − 0.2584)2]  
= 3.52330 kg m2 
 
The moment of inertia Ixx of the upper-body above L5-S1 (including abdomen, thorax, neck, 
head and arms) is 3.52330 kg m2 about the center of gravity CMUB.   
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Moment of inertia in transversal (xy) plane 
 
 
 
Figure 96     Location of center of mass of body segments of upper-body in transversal plane. 
 
 
 
A = 0.129∗1700 = 219.3 mm 
 
CMTR = (0; 0), [mm]; CMUB = (0.014; 0), [mm]; CMHD = (0; 0), [mm]; CMU = (0; ± 219.3), [mm]; 
CMF = (106.7; ± 219.3), [mm]; CMH = (341.1; ± 219.3), [mm]. 
 
Izz-CM-TR = 34.81∗(0.208∗0.5746)2 = 0.49724 kg m2 
Izz-CM-HD = 4.60∗(0.342∗0.221)2  = 0.02628 kg m2 
Izz-CM-U = 1.91∗(0.104∗0.3162)2  = 0.00206 kg m2 
Izz-CM-F  = 1.16∗(0.296∗0.2482)2   = 0.00626 kg m2 
Izz-CM-H  = 0.46∗(0.504∗0.1836)2   = 0.00394 kg m2 
 
Izz-CM-UB = Izz-CM-TR + mTR ∗ CMUB CMTR2 + Izz-CM-HD + mHD ∗ CMUB CMHD2  
  + 2 ∗ Izz-CM-U + 2 ∗ mU ∗ CMUB CMU2 + 2 ∗ Izz-CM-F + 2 ∗ mF ∗ CMUB CMF2 
  + 2 ∗ Izz-CM-H + 2 ∗ mH ∗ CMUB CMH2  
= 0.49724 + 34.81∗0.0142 + 0.02628 + 4.60∗0.0142 + 2∗0.00206 + 2∗1.91∗[0.0142 + 
0.21932] + 2∗0.00626 + 2∗ 1.16∗[0.21932 + (0.014 − 0.1067)2] + 2∗0.00394 + 
2∗0.46∗[0.21932 + (0.014 − 0.3411)2]  
= 1.01442 kg m2 
 
The moment of inertia Izz of the upper-body above L5-S1 (including abdomen, thorax, neck, 
head and arms) is 1.01442 kg m2 about the center of gravity CMUB.  
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Figure 97     Basicentric coordinates for human subject in seated position. 
 
 
 
Moments of inertia about the center of mass (CMUB) of the upper-body: 
 
Ixx = 3.52330 kg m2 
Iyy = 2.62198 kg m2 
Izz = 1.01442 kg m2 
Ixy = Iyz = Ixz ≈ 0 
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APPENDIX 3 
 
ANGULAR ACCELERATION FROM VEHICLE RIDES 
 
 
 
 
Figure 98     Direction of translational and rotational accelerations. 
 
 
 
 
Angular acceleration (pitching motion) in sagittal (xz) plane 
 
 
Figure 99     Angular acceleration in sagittal plane. 
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The angular acceleration trace is obtained from the linear acceleration traces as follows: 
 
P&= − 
L
1
 ∗ z&, 
being: 
P&= angular acceleration (pitch) 
L = wheelbase of vehicle (4.1 m for M917A1 dump truck) 
z&= linear acceleration trace in vertical direction 
 
 
 
 
Angular acceleration (rolling motion) in coronal (yz) plane 
 
 
Figure 100     Angular acceleration in coronal plane. 
 
 
 
The angular acceleration trace is obtained from the linear acceleration traces as follows: 
 
R&=  
T
1
 ∗ z&, 
being: 
R&= angular acceleration (roll) 
T = width of vehicle (2.4 m for M917A1 dump truck) 
z&= linear acceleration trace in vertical direction 
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APPENDIX 4 
 
GLOSSARY 
 
 
 
Crest Factor.     Ratio of maximum peak to root-mean-square value over a 
time interval. 
 
Electromyography (EMG).     Electric signal associated with the contraction of 
a muscle. 
 
Fast-Fourier Transform (FFT).     Mathematical procedure that shortens the 
computing time of a Fourier transform. 
 
Power Spectral Density (PSD).     Limit of the mean-square value of a 
variable in a given rectangular bandwidth divided by the bandwidth, as the 
bandwidth approaches zero. 
 
Root-Mean-Quad (RMQ).     Fourth root of the average of the fourth powers of 
the values over a time interval. 
 
Root-Mean-Square (RMS).     Square root of the average of the squared 
powers of the values over a time interval. 
 
Whole-Body Vibration (WBV).     Mechanical vibrations transmitted to the 
whole human body or substantial parts of it. 
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